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RESUMO

A Salmonella Typhimurium esta entre os principais sorovares causantes de doencas
transmitidas por alimentos no Peru e no mundo. O alto registro epidemioldgico de casos de
gastroenterite, diarreia e surtos transmitidos por alimentos sdo influenciados pelas graves
problematicas no pais como a falta de acesso a agua potéavel, saneamento e deficiéncias no
setor de alimentos. Em relagdo aos hospedeiros animais, porquinhos da india sd3o um
importante recurso nutricional e econdmico para a regido andina, porém sdo reservatorios do
patogeno, e sua producdo se vé afetada pelos altos indices de mortalidade por Salmonelose e
uso ndo controlado do antibidticos. Em 2017, a Organizagdao Mundial da Satide adicionou
Salmonella na lista de bactérias prioritarios resistentes a antibioticos. Além disso, no Peru tem
sido relatado um alto perfil de resisténcia antimicrobiana nos sorovares mais prevalentes, mas
se desconhece as populagdes que estdo circulando, e os mecanismos genéticos que estdo
associados a resisténcia antimicrobiana. Assim, este trabalho de Tese teve como objetivo
contribuir com o sistema de vigilancia gendmica e fenotipica de S. Typhimurium no Peru
provenientes na maioria de casos clinicos de diferentes cidades de Peru entre os anos 2000 e
2017. Em colaboragdo com Instituto Nacional de Satude foi sequenciado 90 linhagens com a
tecnologia Illumina e realizou-se em paralelo o teste de susceptibilidade antimicrobiana em
disco de difusdo para 10 antibidticos. A diversidade genética das linhagens peruanas foi
obtida a partir da comparagdo nucleotidica, genes acessorios, filogenia e populacional com 46
globais genomas de S. Typhimurium. As analises de resisténcia antimicrobiana (AMR) foram
realizadas com a predicdo de genes e mutacdes AMR, correspondéncia gendtipo-fenotipo e
analise de GWAS para a predi¢do de novos determinantes genéticos. Ao menos 10 populagdes
de diverso contetdo de genes acessorio que circulam no Peru, com duas populagdes clonais
emergentes e trés populacdes que contém um mosaico de plasmideos transmissiveis contendo
genes de resisténcia antimicrobiana. Além disso, pelo teste em disco de difusdo foi
identificada uma moderada resisténcia multidrogas a antibioticos da primeira linha, tais como
acido nalidixico, ampicilina, tetraciclina com correspondéncia genotipica, exceto para
nitrofurantoina. A andlise gendmica como preditora da resisténcia antimicrobiana foi
inconclusiva devido aos baixos valores de sensibilidade. Por outro lado, seis linhagens de
porquinho-da-india foram sequenciadas com Illumina e outros 20 genomas sdo publicos
procedentes de alimentos e criagdo de porquinhos-da-india de Equador e Peru. A analise da
diversidade, filogenia e c¢gMLST permitiu identificar ao menos 3 sub-populagdes
(HC50 9757, HCS50 67422, HCI100 9460) circulando no Peru e uma populagao
(HC100 41507) de isolados provenientes de alimentos do Equador, diferenciados pelo
conteudo de Polimorfismos de nucleotideo tinico (SNPs) e genes. Das populagd€s peruanas,
identificamos, ainda, uma reduzida resisténcia associada a plasmideos e sequéncias de
insercdo transmissiveis na populagdo, e mutacdes em genes AMR associada a moderada
resisténcia a acido nalidixico. Nao foi possivel identificar linhagens provenientes de
porquinho-da-india de criagdo e alimentos pertencentes a4 mesma populagdo ou
compartilhando elementos de resisténcia transmissiveis. Conclui-se que existe uma resisténcia
a antibioticos de primeira linha de reduzida a moderada e reduzida resisténcia a antibioticos
atuais de tratamento. A resisténcia antimicrobiana ¢ associada a plasmideos, sequéncia de
insercdo, genes e populacdes circulando em humanos e criagdo de porquinhos da india. Estes
estudos permitem promover a vigilancia de locais reservatorios dos criticos sorovares de
Salmonella e resisténcia antimicrobiana.

Palavras-chave: Resisténcia antimicrobiana, Salmonella Typhimurium, Sequenciamento
genomico, Doencas transmitidas por alimentos, Vigilancia na saude publica.



ABSTRACT

Salmonella Typhimurium is among the main serovars causing foodborne illness in Peru and
worldwide. The high epidemiological record of cases of gastroenteritis, diarrhea and
outbreaks transmitted by food are influenced by severe problems in the country, such as lack
of access to drinking water, sanitation and deficiencies in the food sector. Regarding animal
hosts, guinea pigs are an important nutritional and economic resource for the Andean region.
However, they are reservoirs of the pathogen, and their production is affected by high
mortality rates due to Salmonellosis and uncontrolled use of antibiotics. In 2017, the World
Health Organization added Salmonella to the list of priority antibiotic-resistant bacteria. In
addition, in Peru, a high profile of antimicrobial resistance has been reported in the most
prevalent serovars, but the populations that are circulating and the genetic mechanisms that
are associated with antimicrobial resistance are unknown. Thus, this thesis work aimed to
contribute to the genomic and phenotypic surveillance system of S. Typhimurium in Peru
from most clinical cases from different cities in Peru between the years 2000 and 2017. In
collaboration with the National Institute of Health, it was 90 strains sequenced using Illumina
technology and antimicrobial susceptibility testing was carried out in parallel with diffusion
discs for ten antibiotics. The Peruvian diversity was obtained by comparing nucleotide,
accessory genes, phylogeny and population with 46 global genomes of S. Typhimurium.
Antimicrobial resistance (AMR) analyses were carried out with the prediction of genes and
AMR mutations present in the chromosome and plasmids, genotype-phenotype
correspondence and GWAS analysis to predict new genetic determinants. At least ten
populations of diverse content of accessory genes are circulating in Peru, with two emerging
clonal populations and three populations containing a mosaic of transmissible plasmids
containing antimicrobial resistance genes. In addition, the diffusion disk test identified
moderate multidrug resistance to first-line antibiotics (nalidixic acid, ampicillin, tetracycline)
with genotypic correspondence, except for nitrofurantoin. Genomic analysis as a predictor of
antimicrobial resistance was inconclusive due to low sensitivity values.

On the other hand, six strains of S. Typhimurium were sequenced with Illumina for the
analysis of guinea pig isolates, and another 20 genomes are public from food and breeding
guinea pigs in Ecuador and Peru. Analysis of diversity, phylogeny and cgMLST identified at
least three subpopulations (HC50 9757, HC50 67422, HC100 9460) circulating in Peru and
a population (HC100 41507) of isolates from food in Ecuador, differentiated by the content
of Single Nucleotide Polymorphisms (SNPs) and genes. We also identified reduced resistance
from the Peruvian populations associated with transmissible plasmids and insertion sequences
and AMR mutation genes associated with moderate resistance to nalidixic acid. Identifying
strains from guinea pigs for breeding and food belonging to the same population or sharing
transmissible resistance elements was impossible. It is concluded that there is reduced to
moderate resistance to first-line antibiotics and reduced resistance to current treatment
antibiotics. Antimicrobial resistance is associated with plasmids, insertion sequence, genes
and populations circulating in human and guinea pig husbandry. These studies allow
promoting the surveillance of reservoir sites of critical Salmonella serovars and antimicrobial
resistance.

Keywords: Antimicrobial Resistance, Sa/monella Typhimurium, Genome Sequencing,
Foodborne diseases, public health surveillance, Human food chain.
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1.1 A pesquisa sobre Salmonella Typhimurium e Colaboracoes

Este trabalho foi realizado no Laboratério de Genética Celular e Molecular (LGCM) do
Instituto de Ciéncias Biologicas (ICB), Universidade Federal de Minas Gerais (UFMQG)
supervisionado pelo Prof. O Dr. Vasco Azevedo e Dr. Marcus Vinicius Canario Viana. Este
trabalho teve o apoio financeiro das seguintes agé€ncias brasileiras: Fundacdo de Amparo a
Pesquisa do Estado de Minas Gerais (FAPEMIG), Coordenagdo de Aperfeicoamento Pessoal
de Nivel Superior (CAPES) e Conselho Nacional de Desenvolvimento Cientifico e
Tecnologico (CNPQ).

O capitulo I teve como finalidade a vigilancia gendmica e fenotipica da diversidade e
resisténcia antimicrobiana de 90 isolados coletados de diferentes estados do Peru entre os
anos 2000 e 2017. Em 2020 se dé inicio a colaboragdo com o Dr. Ronnie Gavilan, Diretor do
Laboratorio Nacional de Referencia de Enteropatdégenos do Instituto Nacional de Salud (INS),
localizado Peru, como parte do projeto “1000 genomas: filogeografia y estructura poblacional
de Salmonella enterica en Pert, 1999 — 2017”. Esta Institui¢do se responsabiliza pela coleta
das amostras das diferentes cidades do Peru, andlise soroldgicas, microbiologicas, teste em
disco de difusdo da resisténcia antimicrobiana e o sequenciamento das linhagens. O trabalho
apresenta trés filogrupos que possuem uma variedade de ao menos cuatro familias de
plasmideos resistentes e mutagdes cromossomais associados a resisténcia a antibidticos de
primeira linha e de atual tratamento (cefalosporinas de espectro estendido, fluoroquinolonas,
colistina e fosfomicina). O projeto resultou no artigo intitulado “WGS-Based Lineage and
Antimicrobial Resistance Pattern of Salmonella Typhimurium Isolated during
2000-2017 in Peru” e exhibido no Capitulo 1.

O capitulo II teve como finalidade investigar os grupos filogenéticos e determinantes de
resisténcia antimicrobiana de isolados de Salmonella Typhimurium procedentes de
porquinhos-da-india de criagdo. Em 2020 se inicia a colaboragdo do projeto com o Prof. Dr.
Lenin Maturrano Hernédndez, Pesquisador e Professor da Universidad Nacional Mayor de San
Marcos (UNMSM), Secao de Biologia Molecular e Genética da Faculdade de Medicina
Veterinaria (FMV), Peru. Este trabalho teve o apoio financeiro por Proyecto Concytec—Banco
Mundial “Mejoramiento y Ampliacion de los Servicios del Sistema Nacional de Ciencia
Tecnologia e Innovacion Tecnologica”, ProCiencia. A Institui¢do se responsabilizou pela
coleta das amostras das granjas de porquinho-da-india, Lima, Peru, além das analises
microbioldgicas e moleculares. O sequenciamento dos isolados foi feito em colaboragdo com
o Dr. Bertram Brenig do Institute of Veterinary Medicine, University of Géttingen, Germany.
A contribuicdo deste trabalho permitiu conhecer o numero e diversidade intra-inter
populacional e a reduzida resisténcia antimicrobiana baseada na presen¢a de conhecidos
plasmideos, sequéncias de insercdo, genes e mutagdes associado a resisténcia a antibidticos na
primeira linha de tratamento. O projeto resultou no artigo publicado no peridédico Research in
Microbiology intitulado “The genomic approach of antimicrobial resistance of Salmonella
Typhimurium isolates from guinea pigs in Lima, Peru”, e exibido no Capitulo 2.

1.2 Estrutura da Tese

Este manuscrito ¢ dividido em Introducao, Revisao Bibliogréfica, Justificativa,



Objetivos, Resultados (Capitulo 1, Capitulo 2), Discussdao Geral, Conclusdes, Perspectivas, e

Anexos;

A Revisdo Bibliografica aborda a biologia de Salmonella Typhimurium, conceitos e

andlises das areas da gendmica e resisténcia antimicrobiana;

O capitulo 1 apresenta a diversidade e resisténcia antimicrobiana circulando entre

isolados de Salmonella Typhimurium procedentes de casos clinicos no Peru;

O capitulo 2 apresenta a diversidade e resisténcia antimicrobiana circulando entre

isolados de Salmonella Typhimurium procedentes de porquinho-da -India;
A Discussao Geral integra resultados dos artigos apresentados;

O Anexo apresenta as linhas de comando utilizadas, resultados adicionais ¢ demais

atividades e producdo cientifica desenvolvidas durante a tese.
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1 INTRODUCAO

Salmonella ¢ um dos patdégeno de grande importancia para a saude publica, devido a
sua transmissdo por meio do consumo de alimentos, ocasionando milhdes de casos de
diarreias, gastroenterites e surtos alimentares no Peru e ao redor do mundo(Kingsley et al.,
2009; MINSA, 2019; X. Wang et al., 2019). Doengas transmitidas pelos alimentos sdo
resultado de uma problematica grave no Peru, em decorréncia que milhdes de peruanos
sofrem da falta de acesso a agua, saneamento, e um deficiente controle sanitario no sistema de
alimentos (Ramirez-Hernandez et al., 2020), incluindo aqueles obtidos desde o processo de
criacdo caseiro até o intensivo, como ¢ o caso dos porquinhos da india (Lilia Chauca, 1995;
Matsuura S. et al., 2010).

O porquinho-da-india ¢ um dos animais domésticos de alto valor nutricional e
importancia econdmica nos paises da regido andina, sendo o Peru o maior produtor mundial.
Porém, a producdo dos porquinhos da india sofre limitagdes devido as inadequadas condigdes
sanitarias de criagdo e a susceptibilidade a infec¢do por Salmonella (Lilia Chauca, 1995;
Morales et al., 2007a). Existe um uso profilatico e terapéutico indiscriminado dos antibidticos
contra a Salmonelose no sistema de produ¢do de guinea pigs (Matsuura S. et al., 2010). Assim
mesmo, a criagdo dos porquinhos da india atuariam como reservatdrio potencial de bactérias
resistentes a antibidticos na cadeia alimenticia (Huaman et al., 2020; Quesada et al., 2016).
Em 2017, a Organizacdo Mundial da Satide (OMS) reportou a Salmonella na lista de
patdégenos de ameaga global pelo aumento de cepas multi-drogas resistentes, incluindo
antibidticos da atual linha de tratamento (fluoroquinolonas e cefalosporinas de terceira
geracdo) (World Health Organization. Regional Office for Europe, 2017).

Salmonella sorovar Typhimurium pertence ao grupo Salmonella nao-tiféide (NTS),
associado a casos de gastroenterites em humanos, € em casos graves pode causar uma
infeccdo sistémica (Gal-Mor, 2019). Nos casos de gastroenterite nao se recomenda o
tratamento com antibioticos, apesar disso, recentes trabalhos usando o teste de
susceptibilidade antimicrobiana e gendmica registram uma alta prevaléncia de cepas NTS e S.
Infantis multidroga resistentes no Peru, incluindo resisténcia a antibidticos da atual linha de
tratamento na maioria procedentes de amostras clinicas (Quino et al., 2019; Quino, Hurtado,
et al., 2020).

Além disso, atualmente existe um reduzido nimero de trabalhos fenotipicos e
moleculares dos isolados de Salmonella dos porquinhos da india, que apresentam uma

variedade de grupos populacionais e alta resisténcia antimicrobiana (Guillermo et al., 2018;


https://www.zotero.org/google-docs/?sMJvK6
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https://www.zotero.org/google-docs/?fVz1uy
https://www.zotero.org/google-docs/?5K1mO4
https://www.zotero.org/google-docs/?P8jZ4f
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Huamén et al., 2020). Porém, existe uma limitada vigilancia genomica do patdégeno
Salmonella apesar do continuo reporte de surtos alimentares € o incremento da resisténcia
antimicrobiana pelo inadequado uso de antibidticos nos casos clinicos ¢ de animais de
producdo (MINSA, 2019; Quesada et al., 2016; Ramirez-Hernandez et al., 2020). Nesse
sentido, este trabalho propde a vigildncia gendmica da resisténcia antimicrobiana de S.
Typhimurium implicado na prevaléncia de doengas alimentares com o intuito de monitorar e
caracterizar as populacdes, diversidade genética, evolugcdo dos determinantes de resisténcia

aos antibiodticos de um dois criticos sorovares que circulam no Peru.

2 REVISAO BIBLIOGRAFICA

2.1 SALMONELLA ENTERICA

2.1.1 Taxonomia e microbiologia

Bactérias pertencentes ao género Salmonella sdo Gram-negativas, cocobacilos,
intracelulares facultativas, catalase positiva e oxidase negativa, com flagelos peritricosos,
crescem a 37° C, e tem capacidade de produzir sulfeto de hidrogénio (R. Li et al., 2013).

Bactérias do género Salmonella sdo classificadas em duas espécies, S enterica e S.
bongori, sendo a S. enterica subdivida em seis subespécies: enterica, salamae, arizonae,
diarizonae, houtenae, ¢ indica. Cada subespécie pode ser subdividida em varios sorovares,
distinguidos pela composi¢cdo dos antigenos O (Lipopolissacarideo, somatico), H (flagelo) e
Vi (capsular), classificados de acordo com o sistema de Kauffman-White-Le (Guibourdenche
et al., 2010).

A subespécie S. enterica enterica compreende a maior diversidade do género que
inclui mais de 1.600 sorovares (Gal-Mor, 2019) e causa 99% das infecces em humanos e
animais (Uzzau et al., 2000, p. 20). Do ponto de vista clinico, os sorovares podem ser
classificados pela especificidade ao hospedeiro e a doenca que causam. A maioria dos
sorovares pertencentes a NTS tais como Typhimurium e Enteritidis sdo conhecidos como
generalistas, devido a serem capazes de colonizar um amplo espectro de hospedeiros (por
exemplo, porco, aves, porquinho-da-india), que atuam principalmente como reservatorios
(Gal-Mor et al., 2014). Por outro lado, Salmonella tiféide inclui um subconjunto de sorovares
conhecidos como restrito ao hospedeiro que causam uma infec¢do sistémica, com os

importantes sorovares Typhi, Paratyphi B, Paratyphi (em humanos); e Gallinarum e Pullorum


https://www.zotero.org/google-docs/?UAZ57W
https://www.zotero.org/google-docs/?0Eelhp
https://www.zotero.org/google-docs/?nwljrm
https://www.zotero.org/google-docs/?3bawtH
https://www.zotero.org/google-docs/?3bawtH
https://www.zotero.org/google-docs/?RlF2x7
https://www.zotero.org/google-docs/?IcGX55
https://www.zotero.org/google-docs/?qlvTHI
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(em aves). Um terceiro grupo seriam os sorovares Choleraesuis e Dublin, os quais sdo
adaptados a porco e bovino, respectivamente; e causam esporadicamente infecgdes sistémicas

em humanos (Gal-Mor, 2019).

2.1.2 Epidemiologia e patogenicidade

Salmonella ¢ o principal patogeno causador de doengas em humanos e animais de
producdo. As infeccdes podem ser agudas ou sist€micas, ocasionando morbidade e
mortalidade ao redor do mundo. S enferica subsp. enterica infecta humanos através da rota
oral-fecal e ¢ transmitida principalmente pelo consumo de alimentos derivados de animais
(exemplo aves, ovos, porco) e aguas contaminadas (Eng et al., 2015). Em humanos, pode-se
classificar a doenga em Salmonelose nao-tiféide e Salmonelose tiféide ou febre tifoide.
Estima-se cerca de 1,3 bilhdo de casos por ano de gastroenterites e cerca 3 milhdes de mortes
globalmente derivados da Salmonelose nao-tiféide (Kurtz et al., 2017), sendo a maioria dos
casos de paises em desenvolvimento. Os sintomas da gastroenterite aparece de 4 a 72 horas
apo6s a infecgdo, sendo que os principais sintomas incluem febre, calafrios, nauseas, vomitos,
caibras abdominais e diarréia durante 3 a 7 dias, sem a necessidade de intervencao médica
(Gal-Mor et al., 2014). Adicionalmente recentemente se reporta Salmonelose ndo tifoide
invasiva, associado principalmente a dominantes clones de S. Typhimurium e ST313
procedentes de Africa e em expansio global (Haselbeck et al., 2017).

Além de humanos, a Salmonelose ¢ uma das principais causas de morte e doenca em
animais de produgdo, como bovinos, aves, gatos, cavalos, cachorros e porquinhos-da-india.
Os principais sorovares causantes de infec¢des em bovinos sdo o S. Dublin e o S.
Typhimurium. Por sua vez, as aves sdo infectadas principalmente por S. Pullorum e S.
Gallinarum, os porcos por S. Choleraesuis e S. Typhimurium e cavalos, cachorros e gatos por
S. Typhimurium.

A Salmonelose no porquinhos-da-india ¢ causada principalmente pelo sorovar
Typhimurium, a via da transmissao ¢ oral-fecal e as fontes da infeccdo sdo os animais
doentes, animais portadores sadios, 4gua e alimentos contaminados e o ambiente de criagao.
Sinais clinicos se manifestam de forma aguda ou cronica. No quadro septicémico agudo, a
Salmonella causa morte entre 24 e 48 horas, apresentando um alto indice de mortalidade
(95%) e morbidade (0,9 a 53%). Nos casos cronicos causa caquexia, anorexia, diarréia,

neumonia, abortos, abdomem inchado e pele sem brilho (Morales et al., 2007b).


https://www.zotero.org/google-docs/?jUVY9P
https://www.zotero.org/google-docs/?fjCKqa
https://www.zotero.org/google-docs/?ayP6TG
https://www.zotero.org/google-docs/?v3rODv
https://www.zotero.org/google-docs/?Rkezxa
https://www.zotero.org/google-docs/?v0Qn8t
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A infec¢do por Salmonella é baseada em sua capacidade de invadir, replicar e
permanecer no hospedeiro. A gravidade pode depender do sorotipo e estado de saude do
hospedeiro. Salmonella produz diferentes fatores de viruléncia, envolvidos na invasao,
revestimento da parede, sobrevivéncia intracelular e secre¢do de toxinas (Bhat et al., 2022).
Ao menos 18 ilhas de patogenicidade codificantes de fatores de viruléncia foram identificadas
em Salmonella (Kombade & Kaur, 2021).

Para causar infec¢do, uma vez ingerida, Salmonella coloniza o epitélio intestinal. Na
superficie das células ndo fagociticas hé a presenca de receptores especificos que reconhecem
0 micro-organismo causando uma invasdo ativa. Este mecanismo ¢ chamado de ‘trigger’ e
consiste no uso do sistema de secregdo tipo III e a injecdo de proteinas efetoras, as quais
permitem o reordenamento do citoesqueleto e ruffling da membrana até a internalizagdao da
bactéria (Sanchez & Cardona, 2003). A invasdo, por sua vez, induz resposta do tipo Thl e o
recrutamento de células fagociticas, como neutréfilos, macréfagos, e o recrutamento de
células T e B, que limitam a disseminacdo de NTS . A liberacdo de citocinas induzem uma
resposta inflamatoria, que se manifesta em frequentes sintomas como diarreia (Tiikel et al.,
2006).

Nas infec¢des extraintestinais, a bactéria cruza a mucosa intestinal via células
dendriticas por fagocitoses, sem causar uma resposta inflamatoria, ganhando acesso a tecidos
linfoides e sanguineos, nos quais proliferam intracelularmente dentro de vactolos nos

fagocitos. Além disso, se disseminam sistematicamente (principalmente para o figado, bago e

nodulos linfaticos) (Gal-Mor, 2019).

2. 1.3 Tipificacio e Filogenia do sorovar Typhimurium

Nas NTS, o sorovar Typhimurium infecta um amplo espectro de hospedeiros com uma
variedade de graus de adaptacdo. E um agente causador de gastroenterite e que em menor
frequéncia pode se disseminar € acometer o intestino, o sistema sanguineo e linfatico e causar
uma infecgdo sistémica (Kingsley et al., 2009). Os sorovares mais prevalentes ao redor do
mundo sdo Typhimurium, Enteritidis, Infantis ¢ Newport, porém a presenca e prevaléncia
varia no tempo e por local de isolamento.

Entre 2007 e 2011, o sorovar Typhimurium foi o mais prevalente nos Estados Unidos,
Canada, Australia e Nova Zelandia, e o segundo mais prevalente na Africa, Asia, Europa e
América Latina (Hendriksen et al., 2011). Um sistema de tipagem de sorovar permite a

subclassificagdo baseado na resposta litica contra categorias de fagos, ajudando no registro de


https://www.zotero.org/google-docs/?PQuq5z
https://www.zotero.org/google-docs/?FKcubE
https://www.zotero.org/google-docs/?qGJIx0
https://www.zotero.org/google-docs/?15M6tl
https://www.zotero.org/google-docs/?15M6tl
https://www.zotero.org/google-docs/?DJz5WB
https://www.zotero.org/google-docs/?YKrpH8
https://www.zotero.org/google-docs/?KTwoy3
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subtipos disseminados no tempo (Branchu et al., 2018). Um exemplo ¢ a disseminagdo global
do grupo clonal DT104 multidrogas resistente (MDR) durante os anos 90 (Helms et al.,
2005). Somado a isto, existem outras estratégias de subclassificacdo do sorovar baseado na
diversidade genotipica, como Tipagem de Sequéncia Multilocus (MLST) e andlises mais
exaustivas baseadas no genoma, como core genoma MLST (cgMLST), polimorfismos de
nucleotido unico (SNPs) e filogenéticas (Achtman, 2008; Maiden et al., 2013; Pearce et al.,
2018).

A andlise filogenética baseada em SNPs, entre linhagens de sorovares da subespécie
entérica, mostra Typhimurium como um dos sorovares mais ancestrais € com uma
acumulacdo entre 20.000 e 40.000 SNPs divergentes de outros sorovares (Branchu et al.,
2018). Outra andlise filogenética entre linhagens do sorovar Typhimurium, com exce¢ao de
linhagens pertencentes a ST36, mostra a presenga de dois grandes sub clados (alfa e beta) e
multiplos ramos curtos, o que sugere expansdes clonais e uma diversidade nucleotidica entre
400 a 600 SNPs (Id et al., 2020; Kingsley et al., 2009). Além disso, o sorovar Typhimurium
possui mais de 20 sequéncias tipo pertencentes ao sistema MLST, com excecao de algumas
Sequéncia tipo (ST) que podem ser discriminadas em subclados discretos. A maioria dos
isolados pertencentes a sequéncia tipo ST19 apresenta uma consideravel diversidade
comparada a outros STs e ¢ uma das mais ancestrais dentro do sorovar (Branchu et al., 2018).
A emergente sequéncia tipo ST313 surgiu na Africa subsaariana, ligada a cepas multidrogas
resistentes e causadoras de doencas sistémicas (Kingsley et al., 2009). Andlises mais
exaustivas identificaram a presenca de patovariantes dentro deste sorovar pela presenga de
alguns clados filogenéticos e subtipos de fagos altamente adaptados a um hospedeiro,
distingdo da patogenicidade e risco da seguranca alimentar (Branchu et al., 2018; Id et al.,
2020; Zhang et al., 2019), permitindo discriminar entre grupos clonais dominantes (phage
types DT9,DT204/49 complex, DT104, S. 4,[5],12:1:-) e subtipos (DT8, DT2 e DT56)
adaptados a passaros silvestres (Branchu et al., 2018). Anélises de estruturagdo populacional e
filogenética do sorovar Typhimurium permitem distingui-lo em dois grandes clados e varios
subclados, por padrdes genéticos e submetidos a selecdo antropogénica. O clado beta
apresenta multiplos subclados associados principalmente com aves selvagens. Por sua vez, no
clado alfa se encontram recentes expansdes clonais e a distingdo de clados associados a

animais agropecuarios (Branchu et al., 2018; Id et al., 2020).


https://www.zotero.org/google-docs/?59MbtN
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2.2 RESISTENCIA ANTIMICROBIANA

2.2.1 Antibioticos e Mecanismos de resisténcia antimicrobiana

Os antibioticos sao moléculas de baixa massa molecular e quando administradas em
uma baixa concentracdo sdao capazes de inibir o crescimento (a¢do bacteriostatica) ou matar
(acdo bactericida) microorganismos (Kohanski et al., 2010). O primeiro antibidtico natural foi
descoberto por Fleming em 1928, a partir de uma placa de Petri contendo uma cultura de
Staphylococcus contaminada com um esporo de fungo Penicillium, sendo posteriormente
usado terapeuticamente a partir de 1940 (Gaynes, 2017). Desde entdo, a ocorréncia de
bactérias resistentes aos antibioticos ocorreu sucessivamente com a descoberta dos
antibioticos.

A resisténcia a antibioticos ¢ um problema de satde publica ao redor do mundo,
devido as limitagdes no tratamento, incremento do custo no tratamento ¢ a mortalidade
(Cosgrove, 2006). De acordo com um relatdrio apresentado pelo governo do Reino Unido em
2014, estima-se que em 2050, 10 milhdes de pessoas morrerdo a cada ano, devido a
resisténcia antimicrobiana. Em 2017, a OMS publicou uma lista de prioridade de bactérias
com resisténcia antimicrobiana que representam a maior ameaca a saude humana. A lista
compreende 12 familias de bactérias, e inclui o género Salmonella e sua resisténcia a
fluoroquinolona e cefalosporinas de terceira geragao.

A resisténcia intrinseca ¢ a habilidade inata da bactéria a resistir a acdo dos
antimicrobianos. Na resisténcia adquirida, a bactéria adquire elementos genéticos que sao
mantidos sob pressdo seletiva e permite uma tolerancia ao antibidtico. Bactérias adquirem
resisténcia através das mutagdes ou aquisicdo de determinantes genéticos externos
(plasmideos, transposons, e outros) usando qualquer dos mecanismos de conjugagdo,
transformagdo e transdug¢do (Wright, 2010). As bactérias podem se tornar resistentes aos
antibidticos usando uma ou todas as seguintes vias: a. Mudanga na permeabilidade da parede
celular bacteriana, b. Uso de bombas de efluxo, ¢. Modificacao do alvo antimicrobiano, d.
Degradacdo enzimatica/inativacdo de antimicrobianos, e. Prote¢do do alvo (Figura 1; Tabela
1). Do universo de antibidticos e os mecanismos de resisténcia bacteriana serdo detalhados
um subconjunto de antibidticos que sdo rotineiramente usados no teste de susceptibilidade
pelo Instituto Nacional de Saude do Peru e que também sdo incluidos historicamente na

resisténcia antimicrobiana de Salmonella (Mensah, 2019).
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Tabela 1. Classes e mecanismos de acdo dos antibidticos, adaptado de Kohansi et al.

(Kohanski et al., 2010).

Classes dos

Antibiotico . Mecanismo de acio
antibioticos
Penicilina (Amoxicilina,
ampicilina)
Cefalosporina (Cefotaxime Betalactamicos A .
s é) ( o ’ Interferéncia na sintese da parede
Ceftazidime, Ceftriaxone) celular
Carbapenemos
Vancomicina Glicopeptideos
Colistina Polimixina Disrupgao da estrutura da membrana
Tetraciclina, doxiciclina Tetraciclina
Estreptomicina, gentamicina Aminoglicosideo
Inibicdo da sintese de proteinas
Cloranfenicol Anfenicois
Azitromicina, eritromicina macrolideo
Acido nalidixico, ciprofloxacino, . Interferéncia da sintese de acido
. Fluoroquinolona .
enrofloxacino nucleico
Trimetoprima-sulfametoxazol Sulfonamida Inibicao de vias metabolicas
Nitrofurantoina Nitrofurantoina
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Figura 1. Mecanismos de resisténcia antimicrobiana em bactérias Gram-negativas. (adaptado
por Allen et al. (Allen, 2010).

2.2.1.1 Betalactamicos

A superfamilia de betalactdmicos apresenta uma mesma estrutura central do anel
beta-lactimico em 4 subgrupos (penicilina, cefalosporina, carbapenémicos e
monobactamicos) (Zango et al., 2019). Este anel mimetiza a forma terminal do peptideo
D-Ala-D-Ala, que serve como substrato da familia de enzimas de proteina de unido, a
penicilina (PBP), responsaveis pela unido covalente entre cadeias de peptidoglicano da parede
celular bacteriana. O antibidtico betalactdmico forma um complexo acyl-enzima com PBPs e
inibe a atividade da transpeptidase na sintese da parede celular (Worthington & Melander,
2013).

Existem 4 mecanismos para evadir o efeito bactericida dos betalactimicos: (1)
Mutagdes podem acontecer no sitio PBPs e exibir uma menor afinidade com os
betalactamicos; (2) Diminui¢do ou falta de expressao de proteinas de membrana externa de
natureza intrinseca das bactérias Gram-negativas; (3) As bombas de efluxo, que fazem parte
da resisténcia intrinseca ou adquirida; (4) Produ¢do de betalactamase que hidrolisa o aro
betalactimico e este passa a ser inativado antes de unir-se ao alvo PBPs. Os genes
codificantes das betalactamases estdo presentes no cromossomo e nos elementos moveis (ex.,

blaTEM-1, blaTEM-2 ¢ blaSHV-1) (Poole, 2004). Mais de 530 betalactamases foram


https://www.zotero.org/google-docs/?22PIQw
https://www.zotero.org/google-docs/?BqbvFT
https://www.zotero.org/google-docs/?rsmVXa
https://www.zotero.org/google-docs/?rsmVXa
https://www.zotero.org/google-docs/?BSEFat

22
reportadas, sendo as mais preocupantes, as -lactamases de espectro estendido (ESBLs),

AmpC B-lactamases e as carbapenemases (Zango et al., 2019).

2.2.1.2 Tetraciclina

Tetraciclina ¢ um antibiotico bacteriostatico, interferindo na sintese de proteinas. O
antibiotico atua por meio de sua ligagcdo ao ribossomo, e interacdo com o RNA ribossomal na
subunidade ribossomal 30S, e interferindo estericamente com o encaixe do tRNA durante o
alongamento. Quatro diferentes mecanismos especificos de resisténcia a tetraciclina foram
identificados: mutagdo no sitio alvo, protecdo ribossomal especifica, bombas de efluxo, e
produgdo de enzimas de inativagdo de tetraciclina. Uma variedade de mutagdes no sitio alvo
que afetam a unido com a tetraciclina foram reportadas nos genes 16S RNA, rpsJ (proteina
S10 da subunidade ribossomal 30S) e rpsC (proteina S3 da subunidade ribossomal 30S) em
varias bactérias incluindo K. pneumoniae (Grossman, 2016). Para limitar o acesso de
tetraciclina nos ribossomos, sdo reportadas proteinas de protecao ao ribossomo (RPPs), os
mais caracterizados sao tet() e tetM (Donhofer et al., 2012; Kobayashi et al., 2007). Proteinas
TetA e TetB sdao as bombas de tetraciclina mais comumente encontradas em isolados clinicos

Gram-negativos (Grossman, 2016).

2.2.1.3 Aminoglicosideos

O aminoglicosideo (AG) atua via ligagdo ao sitio A do 16S rRNA na subunidade 30S
ribosomal e interfere na traducdo de proteinas, conduzindo a morte bacteriana
(Garneau-Tsodikova & Labby, 2016). Os aminoglicosideos sdo usados contra bactérias
Gram-negativas e algumas Gram-positivas.

Os principais mecanismos da resisténcia aos aminoglicosideos sdo: (1) a barreira
intrinseca da parede celular, (2) presenca de bombas de efluxo, (3) muta¢des no ribossomo,
(4) modifica¢dao do ribossomo pela enzima glicosiltransferase, e (5) inativagdo por enzimas
que modificam aminoglicosideos (AMEs). O mecanismo mais comum de resisténcia ¢ a
presenca de AMEs em 3 subclasses: AG N-acetiltransferase (AACs), AG O-nucleotidil
transferases (ANTs), e AG O-fosfotransferases (APHs) (Ramirez & Tolmasky, 2010).

2. 2.1.4 Fluoroquinolonas
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A primeira quinolona ¢ o antibidtico acido nalidixico; alteragdes nas quinolonas
resultam nas fluoroquinolonas, antibidticos de amplo espectro, devido ao aumento na
capacidade de penetragdao da parede e melhor atividade contra diversas infec¢des bacterianas.
Destes, o mais comum de uso clinico ¢ o ciprofloxacino. Por sua vez, o mais usado nos
animais de producdo ¢ o enrofloxacino (Lysnyansky et al., 2013). O mecanismo de
resisténcia a fluoroquinolonas ¢ a inativacdo da topoisomerase II (DNA girase) e
topoisomerase IV. Estas enzimas sao responsaveis pela manuten¢ao da estrutura terciaria do
DNA durante a sintese, replicacdo, condensacdo de DNA entre outros eventos, que induzem a
uma quebra do DNA e morte celular (Ashley et al., 2017; Reece et al., 1991).

Existem trés mecanismos bacterianos de resisténcia a quinolonas: (1) mutagdes
cromossomicas em genes codificadores, (2) mutagdes associadas a redugao da concentragao
intracitoplasmatica de quinolonas e (3) genes de resisténcia as quinolonas mediados por
plasmideos (Hooper & Jacoby, 2015). A resisténcia a quinolonas se deve a mutagdes nos
aminoacidos do dominio QRDR em ambos GyrA-ParC e GyrB-ParE, os quais favorecem uma
diminui¢do da afinidade na ligagdo das quinolonas com a DNA-DNA girase ¢
DNA-topoisomerase IV. Outro mecanismo de resisténcia a quinolonas ¢ a habilidade de
diminuir a concentragdo intracitoplasmatica do antibidtico, mediada por mutagdes na regido
cromossomal codificante das bombas de efluxo. Genes de resisténcia a quinolonas mediados
por plasmideos sdo proteinas da familia repetida pentapeptideo que protege a DNA girase e
topoisomerase da inibicdo de quinolonas, entre eles os genes gnrA, gnrB, gnrC, gnrD, gnrS, e
gnrVC (Georgina Solano-Gélvez et al., 2021; Tran & Jacoby, 2002). Resisténcia a quinolonas
pode ser mediada também pela agdo enzimatica de uma glicosiltransferase aminoglicosidase
(AAC(6)-Ib-cr). Adicionalmente, bombas de efluxo de quinolona adquiridas por plasmideos

sao QepA e OgqxAB (Georgina Solano-Gaélvez et al., 2021).

2.2.1.5 Sulfonamidas e trimetoprim

O uso combinado do trimetoprim (TMP) e sulfonamida apresentam um efeito
sinérgico, em razdo de ambas as drogas afetarem a sintese do acido folico (Bushby &
Hitchings, 1968) requerido para o crescimento bacteriano. As sulfonamidas inibem a
diidropteroato sintase (DHPS), que catalisa a formacdo de dihidrofolato a partir do 4cido
para-aminobenzdico. Na etapa subsequente da via, o TMP inibe a diidrofolato redutase
(DHFR), que catalisa a formacao de tetraidrofolato a partir do diidrofolato. A combinacao das

2 drogas apresentou um maior espectro bacteriostatico.
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A resisténcia bacteriana a TMP e a sulfonamidas ¢ mediada por 5 mecanismos: (1)
barreira de permeabilidade e/ou bombas de fluxo, (2) enzimas naturalmente insensiveis, (3)
mudancas regulatorias nas enzimas alvo, (4) mutagdes ou recombinagdes nas enzimas € (5)
resisténcia adquirida por enzimas resistentes a drogas. A resisténcia transferivel a TMP ¢
definida prevalentemente pelos genes dhfil e dhfrll (Adrian et al., 1998). Na resisténcia a
sulfonamida, foram identificadas muta¢des no gene cromossomal dhps (folP) e a transferéncia

das enzimas DHPS codificadas pelos genes sulll e sullll (Skold, 2000).

2.2.1.6 Nitrofurantoina

O mecanismo de agdo do antibidtico ¢ ainda desconhecido. O mecanismo de
resisténcia sugere duas categorias de atividade redutora ao antibidtico: um tipo insensivel ao
oxigénio e outro inibido por oxigénio. A resisténcia ¢ atribuida a mutacdes nos genes
cromossomais, nos genes nfsA e nfsB codificantes de nitroreductase. A resisténcia a
nitrofurantoina também pode ser codificada no plasmideo (Sandegren et al., 2008) com a
presenca dos genes ogxAB, codificando uma bomba de efluxo do tipo Divisdo de nodulagao

de Resisténcia (RND) (Hansen et al., 2007).

2.2.2 Teste de susceptibilidade antimicrobiana

O teste de susceptibilidade aos antimicrobianos (AST) ¢ realizado por laboratorios
microbioldgicos para confirmar a susceptibilidade ou resisténcia a um antibidtico, baseado na
inibi¢do do crescimento bacteriano. O resultado permite orientar a terapia clinica e monitorar
AMR ao longo do tempo (Jorgensen & Ferraro, 2009). O AST segue um protocolo
padronizado para garantir resultados reprodutiveis e confiaveis (Balouiri et al., 2016),
conforme os comités internacionais, incluindo o Instituto de Padroes Clinicos e Laboratoriais
(CLSI) ou o Comité europeu de Testes de Susceptibilidade a Antimicrobianos (EUCAST).
Ambos proporcionam critérios para seguir estritamente os protocolos, entre eles o meio de
crescimento, concentracao do antibidtico, concentracdo da inoculacdo, tempo de incubagao,
temperatura, e critérios para interpretar os resultados (Balouiri et al., 2016). Os diversos
métodos estao categorizados pela técnica de difusdo ou dilui¢do do antibidtico.

2.2.2.1 Teste de disco-difusdo

Para realizar o teste, se prepara uma solugdo fresca com as bactérias seguindo a escala

do McFarland de 0,5 (1.5 x 10”8 CFU/mL). O ino6culo ¢ varrido na superficie da placa que
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contém 4 mm de dgar Mueller-Hinton. Depois disso, o disco do antibiodtico ou a tira gradiente
sao impregnados na placa e incubados em determinada temperatura e tempo, a depender do
tipo de microorganismo. O antibidtico se difunde no agar radialmente, criando um gradiente
de concentragdo circundando o disco e diminuindo para fora. As bactérias crescem apenas até
a concentragdo maxima de antibiotico que podem tolerar, resultando em uma zona de
inibi¢do. O didmetro da zona inibitéria é medido em milimetros usando uma régua e ¢
interpretado conforme os critérios do CLSI ou EUCAST (CLSI, 2021; EUCAST, 2021). Os
resultados obtidos sdo qualitativos e descrevem os isolados bacterianos categoricamente como
suscetiveis, intermediarios ou resistentes ao antibiotico testado. Esta técnica ¢ a mais simples

e com o melhor custo-beneficio para triagem em laboratérios de diagnostico (Jorgensen &

Ferraro, 2009).

2.2.2.2 Teste de concentracdo minima inibitoria (MIC)

A diluigdo do caldo consiste em uma série de concentragdes de antibidticos preparadas
em caldo Mueller-Hinton. Esta técnica pode ser realizada em tubos grandes (macrodilui¢ao)
ou em placas de microtitulacdo (microdilui¢do). A microdilui¢ao em caldo ¢ um teste pratico
e popular sendo o mais utilizado em laboratérios de diagndstico. Um indculo de concentracao
final 5,0 x 10”5 CFU/ml ¢ adicionado ao caldo contido em placas de microtitulagdo de 96
;pocos (CLSI, 2021; Jorgensen & Ferraro, 2009). A avaliagdo da susceptibilidade ao
antibiotico esta baseada na falta de turbidez que indica a inibi¢do do crescimento bacteriano e
o valor do MIC, que pode ser interpretado usando um manual ou um dispositivo de

visualiza¢dao automatizado.

2.2.3 Resisténcia antimicrobiana em Salmonella

Deve-se destacar que casos de gastroenterite por Salmonella ndo tiféide nao recebem
comumente tratamento com antibidticos, contrariamente as infec¢des sistémicas (febre
tifoide). S. Typhi do grupo de Salmonella Titéide historicamente apresentam resisténcia a
antibidticos de  primeira  linha tais como  ampicilina, cloranfenicol e
trimetoprim-sulfametoxazol (Marchello et al., 2020). Assim mesmo, em diversos paises
incluindo Pakistan se tem registrado S. Typhi classificadas como extensivamente resistentes
(XDR) aos antibidticos fluoroquinolonas e cefalosporinas de terceira geragao (E. J. Klemm et

al., 2018; Marchello et al., 2020) e também se registram resisténcia a antibidticos alternativos
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(macrolideos e carbapenémicos) (Crump et al., 2015). Diante a isso, a OMS declara ao
género Salmonella como uma ameaga global. A vigilancia em NTS deu-se, principalmente,
devido a emergéncia da cepa S. Typhimurium DT104 MDR disseminada nos Estados Unidos
a partir dos anos 90 (Helms et al., 2005). De 975 linhagens, 275 (28%) foram de S.
Typhimurium isoladas de humanos nos Estados Unidos em 1995, que apresentaram perfil de
resisténcia a ampicilina, cloranfenicol, estreptomicina, sulfonamidas e tetraciclina.

Posteriormente, um estudo de AMR usando sequenciamento do genoma completo para
teste de suscetibilidade antimicrobiana (WGS-AST) em 3.491 isolados de NTS recebidos pela
Unidade de Referéncia de Bactérias Gastrointestinais da Satde Publica na Inglaterra entre
2014 e 2015, reportou 2.190 isolados (62,73%) pan-sensiveis. No entanto, foram observadas
cepas MDR com uma maior frequéncia de resisténcia a tetraciclinas (26,27%, 917),
sulfonamidas (23,72%, 828) e ampicilina (21,43%, 748), seguidos de cefalosporinas (1,17%,
41) e ciprofloxacino (2,35%, 82) (Neuert et al., 2018).

Uma analise sistematica em 53 estudos de NTS invasivas na Africa subsariana entre
1990 e 2019, demonstrou que desde 2001, 75% dos isolados sdo MDR (ampicilina,
sulfametoxazol-trimetoprima e cloranfenicol). Cefalosporina de terceira geragao e
fluoroquinolona foram usadas como tratamento terapéutico, porém foram relatadas cepas
resistentes. Nesta condicdo, azitromicina e carbapenémicos sdo usados como tratamento
alternativo (Tack et al., 2020).

Outro estudo coletou 11.447 linhagens de S. Typhimurium da cadeia alimenticia
(homem, animais, alimentos) entre 1996 e 2016 nos Estados Unidos e realizou o MIC para 27
antibidticos. Os padrdes de resisténcia aos antibioticos mais frequentemente observados
(43%) foram a ampicilina, estreptomicina, sulfonamidas, tetraciclina e cloranfenicol (X. Wang
et al., 2019). Assim, mesmo na Africa subsaariana, S. Typhimimurium ST313 MDR foi uma
linhagem dominante que exibe resisténcia a cefalosporinas e azitromicina (Van Puyvelde et
al., 2019). No estudo sistematico por Quesada et al. (Quesada et al., 2016), isolados de
Salmonella spp procedentes de alimentos de origem animal, apresentaram, prevalentemente,
resisténcia a acido nalidixico, ampicilina, tetraciclina e cloranfenicol, além de susceptibilidade
a ciprofloxacina e ceftriaxona.

No Peru, por exemplo, Silva et al. (2017) realizaram um estudo de 90 isolados de S.
enterica de casos de bacteremia em Lima, e reportaram que 74% das linhagens foram
susceptiveis e 37% apresentaram resisténcia intermedidria a ciprofloxacino (Silva et al.,
2017). Posteriormente, Quino et al. (2020) avaliaram 540 isolados de S. enterica aislados

maioritariamente de humanos entre os anos de 2012 e 2015, 6% foram de S. Typhimurium.
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Os autores observaram alta resisténcia a nitrofurantoina (74%), acido nalidixico (64%),
ciprofloxacina (63%), tetraciclina (63%), ampicilina (56%), cotrimoxazol (56%), cefotaxima
(53%) e cloranfenicol (50%) (Quino, Hurtado, et al., 2020). E interessante ressaltar que
animais de criagdo como frango, porco e porquinho-da-india, seriam os maiores reservatérios
do patogeno Salmonella na América Latina (Quesada et al., 2016). Os tnicos relatos do perfil
antimicrobiano de 148 linhagens de S. enterica isoladas de carne de cerdo apresenta uma alta
resisténcia a antibidticos como tetraciclina (100%), chloramphenicol (90%), nitrofurantoina
(80%), amoxicilina (50%) e susceptibilidade a ciprofloxacino (Rios C et al., 2019).

Matsuura et al. (2010) estudaram a susceptibilidade antimicrobiana em isolados de S.
enterica de porquinho-da-india de criagdo na cidade de Ancash e observaram susceptibilidade
a maioria dos antibidticos incluindo enrofloxacino, sulfatrimetoprim, estreptomicina e
amoxicilina, cloranfenicol e gentamicina (Matsuura S. et al., 2010). Porém recentemente,
Huamén et al. (2020) reportaram cepas multidrogas resistentes (25%), resisténcia a
eritromicina (60%), nitrofurantoina (40%), estreptomicina (30%), penicilina (25%) e

enrofloxacina (10%) em 20 isolados de porquinho-da-india de criagdo (Huaman et al., 2020).

2.3 ANALISES DE DIVERSIDADE GENOMICA BACTERIANA

Com a continua melhora nas tecnologias de sequenciamento e seu reduzido costo,
existe uma enorme quantidade de genomas sequenciados representando uma espécie,
populacdo ou grupo amostral. Permitindo uma melhor resolu¢do da diversidade e
ancestralidade do tdxon, ja seja desde a variacdo de um sé nucleotideo até o conteudo de
genes repertorio (Loman & Pallen, 2015). O chamado de variantes polimoérfica
preferentemente permite diferenciar entre linhagens monomorficas (Parkhill et al., 2001) e a
predicdo das familias de genes ortdlogos discriminaria as bactérias de alta plasticidade
genodmica (Mclnerney et al., 2017). As estratégias da gendmica comparativa ¢ a metadata
(regido geografica, origem, estado clinico, anos) permite um melhor conhecimento da
estrutura populacional, evolucdo, adaptacdo, patogenesis, e dindmica no tempo do
microorganismo (Bentley & Parkhill, 2015). Assim mesmo a gendmica permite uma melhor
caracterizagdo do agente infeccioso, complementar as técnicas tradicionais (bioquimicas,
microbiologicas, serologicas e teste de susceptibilidade antimicrobiana (Bentley & Parkhill,
2015). Estratégias usando tudo o genoma tem ajudado a sorotipificacdo de Salmonella, e
subclassificagdo dos sorovares baseado na sequéncia tipo baseado em sete genes houskeeping

(MLST) e baseado nos genes core (cg-MLST) (Christensen & Olsen, 2018; Zhou et al.,
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2020). Baseado nas estratégias de caracterizagdo genomica, filogenia e chamado de
nucleotideos polimorficos permite dilucidar a diversidade, ancestralidade e determinantes de
virulencia no patdégeno. Zhang et al. examinou caracteristicas gendmicas em S. Typhimurium
e sua adaptacdo a animais de consumo, com o uso do aprendizado de maquina se identificou
50 genes chaves indicadores da origem e baseado na filogenia se detectou ao menos 10 grupos
filogenéticos asociados a surtos alimentares e adaptagdo ao hospedeiro (Zhang et al., 2019).
Assim mesmo, analise WGS permite o monitoramento epidemioldgico de bacterias
multirresistentes, viruléncia e controle da infecdo. Andlise gendmico reportou a emergéncia
de o sublinage ST313 II.1 MDR associado a infe¢des invasivas ndo tifoide na Africa
subsariana, e extensivamente  drogo resistente (catd, blaTEMI, dfrA), incluindo
betalactamase de espeitro estendido , resisténcia a azitromicina (blaSHV-2A, mphA), redugao
da susceptibilidade a ciprofloxacino (gyr4 (D87N), gnrS). Além disso a sublinagem carregava
o plasmideo IncHI2 e sinais genéticas associadas a adaptagdo e patogenicidade, como a
perdida do gene flagelina fIjB e 19 substitui¢des ndo sindnimas em dominios conservados de
proteinas, associados a adaptagdo ao hospedeiro (chiH), viruléncia (asmA, trg 1) entre outros
genes (Van Puyvelde et al., 2019). No estudo da evolug¢do de S. Typhimurium, a filogenia e
estruturacio populacional identificou ao menos dois grandes cluster (o & ) e 18 sub-clusters
distinguidos por adaptacdo ao hospedeiro e selecdo antropogénica. Linhagens de surtos em
animais de produgdo (bovino, porco, aves) pertencem ao clado alfa e altos niveis de
enraizamento de subclados B pertencem isolados adaptados aves silvestres com algumas
excegoes. Além disso se identificou uma maior presenca de genes AMR em subclados ST313
and U288 carregando o replicon IncQ1l em animais de produgdo e que estdo sometidos a
sele¢do antropogénica. Dos anélise pangenoma mostra uma alta variabilidade intraespecifica e
sua distribui¢cdo distinguida por subclados, existindo maior fluxo de genes profagos, entre eles
intrinsecos profagos com alta taxa de recombinacdo (BcepMu, Gifsyl, Gifsy2, Felsl) (Fu et
al., 2017; 1d et al., 2020). Comparacao genomica de trés linhagens referencia (LT2, SL.1344,
ATCC 14028, D23580) de S. Typhimurium, apresenta a linhagem SL.1344 carregando 148
genes contidos em trés profagos e 112 genes em dois plasmideos e 10 pseudogenes (Branchu,
2018). Comparagao com clones em pandémicos, cepa DT104 apresenta uma ilha gendmica
SGI-1 (ICE) e em DT193/ DT120 o transposon (SGI-4) com resisténcia a multiplas drogas
(Branchu et al., 2018). A determina¢ao do perfil antimicrobiano foi por muito tempo baseado
no cultivo de bactérias, técnica de PCR multiplex e recentemente a previsao e
complementacdo do teste de susceptibilidade antimicrobiana ¢ derivada do sequenciamento

genomico (Hendriksen et al., 2019). Determinagao da susceptibilidade antimicrobiana usando
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0 sequenciamento e o teste fenotipico em linhagens NTS e S. Typhimurium demonstrou uma
concordancia de 89.9% to 100% e identificou multiplos genes AMR com resisténcia
moderada a aminoglicosideo, tetraciclina, betalactamicos e sulfonamide, e sua associacao a

plasmideos resistentes (McDermott et al., 2016; McMillan et al., 2019; Mensah et al., 2019).

2.3.1 Polimorfismo de nucleotideo uinico

As variagdes mais comuns entre genomas estao os polimorfismos de nucleotideo tinico
(SNPs) e indels (insercdoes e delegcdes). Ferramentas para identificar variantes sdo
desenvolvidas frequentemente para eucariotos. As mais comuns para os alinhamentos sdo
Bowtie2 (Langmead & Salzberg, 2012), BWA-mem, HISAT2 (Kim et al., 2019) e os
identificadores de variantes Freebayes (Garrison & Marth, 2012), GATK HaplotypeCaller
(Depristo et al., 2011) e mpileup (H. Li et al, 2009). O pipeline Snippy
(https://github.com/tseemann/snippy) ¢ um pipeline desenlvolvido para analises de bactérias
que inclui o BWA-mem para o alinhamento de reads, Freebayes para identificacdo de
variantes ¢ snpeff para a anotagdo e informacdes das variantes. Todas as ferramentas
procuram identificar variantes com alta sensibilidade e especificidade. A identificagdo precisa
de SNPs ¢ importante na monitoragdo de surtos e predicao de fendtipos, como a resisténcia

antimicrobiana (Bush et al., 2020).

2.3.2. Similaridade nucleotidica e tipagem

A identidade média de nucleotideo (ANI) alinha fragmentos de DNA de duas amostras
e considera uma identidade maior que 95% como evidéncia de amostras da mesma espécie. A
identidade abaixo deste valor tornaria a recombinagdo menos frequente, isolando
geneticamente as populacdes de bactérias (Jain et al., 2018). Métodos de tipagem foram
desenvolvidos para estudar populagdes bacterianas. A Tipagem de Sequéncia Multilocus
(MLST) compara a sequéncia de genes conservados em linhagens da mesma espécie. Um
numero ¢ designado para cada alelo e cada perfil de alelo ¢ uma sequéncia tipo (ST). Em um
esquema de sete locos, um grupo de STs que compartilham pelo menos cinco alelos forma um
complexo clonal (CC) (Christensen & Olsen, 2018). A Tipagem de Sequéncia Multilocus do
genoma Inteiro (wgMLST) ou cgMLST inclui todos os genes conservados estimados ou
selecionados, permitindo multiplos niveis de resolu¢do. O agrupamento hierdrquico de

cgMLST (HierCC) define clusters com base em core genoma MLST. Os clusters sdo o
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numero de cluster estaveis a diferentes distancias do alelo cgMLST, por exemplo, para
Salmonella, a persisténcia endémica de longo prazo parece ser diferenciada nos HC100 ou

HC200 (Zhou et al., 2020).

2.3.3 Estrutura populacional

A analise de estrutura populacional descreve a variagdo em uma populagdo de espécie
ou género. Essa variacdo ¢ considerada estrutural e divide a populagdo em varias
subpopulagdes geneticamente distintas. Uma subpopula¢do ¢ um grupo de individuos que
interagem com mais frequéncia, isto inclui maiores eventos de recombina¢do uns com 0s
outros, do que com individuos mais distantes. A dindmica populacional ¢, em principio, uma
interacdo complexa de processos evolutivos, como mutagdo e recombinagdo, que sao
reguladas por fatores ambientais, como deriva genética, migragdo e sele¢do. O grau de tal
subdivisdo também pode ser afetado por fatores geograficos, temporais e ecologicos.

Uma eficiente predicdo da variacdo requer um grande nimero de linhagens
representativas de toda a populagdo (Maiden et al., 1998; Spratt et al., 2004). O modelo mais
usado para a predi¢do ¢ a inferéncia bayesiana. Entre as ferramentas mais utilizadas esta
STRUCTURE, um método de agrupamento baseado no modelo Bayesiano que usa o
algoritmo Monte Carlo de cadeia de Markov padraio (MCMC) (Falush et al., 2003). Este
método ¢ seguido pela ferramenta BAPS, que usa o modelo bayesiano e adiciona o
desconhecimento a priori do nimero de clusters (K). Posteriormente, a ferramenta HierBAPS
adicionou uma abordagem de agrupamento hierdrquico, que aumenta o poder estatistico

baseado na reclasterizacao (Tonkin-Hill et al., 2018).

2.3.4 Filogenética e filogenomica

A analise filogenética busca inferir a historia evolutiva e a relag@o entre os organismos
a partir de sequéncias de acidos nucleicos ou aminodcidos (Eisen & Fraser, 2003). Os
métodos filogenomicos sdo baseados na constru¢ao de filogenias usando por exemplo o
conteudo de genes (Huson & Steel, 2004) e as sequéncias concatenadas (Rokas et al., 2003).
As reconstrugdes filogenomicas sdo a base de estudos importantes como mapeamento da
transmissao de patogenos, distribuicdo geografica, identificacdo de linhagens emergentes e

estudos de associacao genotipo-fendtipo. No entanto, a arvore baseada em SNPs ¢ a técnica
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mais usada, conseguindo distinguir entre genomas intimamente relacionados (E. Klemm &
Dougan, 2016).

Os estudos de inferéncia evolutiva partiram inicialmente de alguns isolados
representativos, mas na atualidade, existe um aumento de genomas sequenciados disponiveis
pertencentes a patogenos humanos permitindo uma melhor defini¢do da realidade estrutural e
evolutiva populacional (Bentley & Parkhill, 2015). No entanto, é importante ressaltar que a
construgdo filogenética apresenta desafios como consequéncia de trocas laterais que

introduzem multiplas mutagdes por recombinacdo homologa (Croucher et al., 2015).

2.3.5. Pangen6mica.

Aumentar o numero de sequenciamentos de linhagens da mesma espécie pode elucidar
diferengas no contetido de genes, que revelam a enorme variabilidade intraespecifica em
procariotos (McInerney et al., 2017). O conceito do pangenoma descreve todas as familias de
genes em todos os isolados que estdo presentes na populacdo, espécie ou género. O
pangenoma ¢ subdividido em trés grupos: (i) genoma central, que contém genes presentes em
todos os genomas e participam dos processos celulares essenciais; (i1) genoma acessorio, que
contém genes presentes em pelo menos dois genomas e ausente nos demais; e (iii) genes
unicos, que sdo exclusivos de uma Unica linhagem. Um pangenoma ¢ considerado aberto
quando se prevé o aumento do repertdrio génico com a inclusdo de mais genomas na analise
(Tettelin et al., 2008).

A fonte dominante de variabilidade do conteudo de genes ¢ a aquisicdo e perda de
genes por mecanismos de transferéncia horizontal e em menor frequéncia as duplicagdes
génicas (Treangen & Rocha, 2011). Genes acessorios associados a um fenotipo especifico
geralmente tém funcgdes que conferem uma vantagem seletiva (Frost et al., 2005; McInerney

etal., 2017).

2.3.6 Elementos Genéticos Moveis.

A plasticidade gendmica ¢ a chave da enorme diversidade e adaptag@o bacteriana. Os
recursos da variagdo se baseiam nas mutagdes pontuais (SNPs, indels) e a transferéncia de
elementos genéticos moveis (MGEs). Os MGEs sdo regides de DNA codificantes que

permitem a mobiliza¢ao dentro e fora do genoma bacteriano, entre eles plasmideos, profagos,
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ilhas gendmicas (GEls), sequéncias de inser¢do (ISs), elementos conjugativos integrados
(ICEs) e transposons (Tns).

Os MGEs sao transferidos pelos seguintes mecanismos: transformagao, transdugao e
conjugacdo (Frost et al., 2005). As ilhas gendmicas (GEIs) sdo grandes regides de ampla
relevancia evolutiva a nivel do cromossomo e que perdem a mobilidade ao longo do tempo
(Frost et al., 2005). A presenca de plasmideos confere vantagens adaptativas e aumenta a
sobrevivéncia (Lan et al., 2009). Os plasmideos sdo classificados por tipo de replicacao,
relaxase e mobilidade, sendo esta tltima, classificada em plasmideo conjugativo, mobilizavel
e ndo mobilizavel pelo conteudo das sequéncias oriT, relaxase, proteina de acoplamento tipo
IV (T4CP) e sistema de secrecdo tipo IV (T4SS) (Robertson & Nash, 2018). Os ICEs sao
elementos conjugativos integrativos no genoma. Sequéncias de inser¢dao e transposons
apresentam a capacidade da transposi¢do pela recombinacdo homoéloga. Normalmente, uma IS
consiste em um gene que codifica uma enzima transposase, sendo flanqueado por repeti¢cdes
invertidas. Os transposons sdo constituidos por dois ISs flanqueando e geralmente contém

genes.

2.3.7 Banco de dados e ferramentas para a deteccio de resisténcia antimicrobiana

A classificacdo de uma linhagem como genotipicamente sensivel ou resistente ¢
baseada na identificacdo de genes e/ou mutagdes conhecidas, associadas com resisténcia. A
deteccdo de determinantes de resisténcia varia segundo a escolha das ferramentas de
bioinformatica e a base de dados utilizada. As bases de dados sdo constituidas por genes
associados a resisténcia antibiotica e que foram vinculados a ensaios moleculares ou
referenciados pela literatura (Su et al., 2019). Assim, espera-se que elas se encontrem
continuamente em atualizacao.

As bases de dados com informagdes de multiplas espécies incluem CARD (Jia et al.,
2017), que ¢ uma base de dados curada com dados de entrada publicados em artigo
cientificos, seguido de ResFinder (Zankari et al., 2012), ARG-ANNOT (Gupta et al., 2014),
MEGARes (Lakin et al., 2017), Resfams (Gibson et al., 2015) e o Bacterial Antimicrobial
Resistance Reference Gen Database (https:/www.ncbi.nlm.nih.gov/bioproject/313047)
(Hendriksen et al., 2019).

Para analises de resisténcia a nivel gendmico, as ferramentas acima usam como
entrada sequéncias de leituras e/ou contigs. Os métodos baseados em leitura podem usar

diferentes ferramentas para alinhar as leituras aos bancos de dados AMR, incluindo Bowtie2,
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BWA e¢ KMA (Boolchandani et al., 2019). Entre as ferramentas mais conhecidas estd a
KmerResistance, que avalia a ocorréncia de k-mers baseado no mapeamento direto contra a
base de dados AMR (Clausen et al., 2016). Esta ¢ uma andlise rapida, em contraste com o
método de mapeamento usando BWA, que usa genomas de referéncia.

Outra ferramenta importante ¢ o SRST2 (Inouye et al., 2014), que realiza o
mapeamento das leituras contra a base de dados usando Bowtie. ARIBA ¢ outra ferramenta
popular que recebe como entradas leituras e contigs, realiza a predi¢ao de genes e alelos AMR
e testes de associacdo para uma melhor interpretacdo dos resultados (Hunt et al., 2017). As
vantagens do uso de leituras como entrada seriam o tempo reduzido no processamento
comparado a realizagdo de uma montagem prévia, identificagdo de genes AMR de baixa
abundancia, e predi¢do de variantes com uma adequada cobertura de profundidade. As
desvantagens se devem a dependéncia de um genoma de referéncia para mapeamento e a
detec¢do enviesada de variantes.

As ferramentas conhecidas que usam como entrada contigs sao PointFinder (Zankari et
al.,, 2017), CARD RGI (Jia et al., 2017), ARG-ANNOT (Gupta et al., 2014), ResFinder
(Zankari et al., 2017) e ABRicate [https://github.com/tseemanNAbricate]). A predicdo se
baseia num blast entre a sequéncia query e o subject que representa a base de dados de
proteinas ou genes AMR, avaliando longitude e porcentagem de similaridade do alinhamento.
As vantagens de predizer AMR a partir de contigs ¢ conseguir contextualizar determinantes
AMR em regides mobilizaveis e as desvantagens estdo relacionadas a demanda
computacional na montagem, a perda de genes pela presenga de contigs sem concatenar e a
determinagdo de uma cdpia somente de sequéncia consenso em regides polimorficas de

multiplas copias (Hendriksen et al., 2019).

2.3.8 Comparacio entre perfis fenotipico e genotipico de AMR

A principal vantagem da vigilancia do resistoma ¢ conseguir predizer com alta
precisdo a resisténcia antimicrobiana a partir dos dados gendmicos. A comparagao entre o
genotipo e o fenodtipo mostra uma boa concordancia entre o que se sabe sobre a base genética
da resisténcia e a avaliacdo fenotipica. A avaliagdo ¢ baseada na concordancia entre a
presenga de genes conhecidos, mutagdes AMR e os valores (seguindo os valores do MIC ou
diametro do halo) no ponto de corte clinico para resisténcia (Hendriksen et al., 2019). Os
nimeros de cepas sdo dispostos numa tabela de contingéncia segundo os resultados para

gendtipos e fendtipos suscetiveis ou resistentes.
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Parametros de avaliacdo do sistema WGS-AST sdo: especificidade, sensibilidade,
valores preditivos positivos (PPV) e wvalores preditivos negativos (NPV), precisdao
[Coeficiente de Correspondéncia Simples (SMC)] e desempenho [coeficiente de correlacao de
Matthew (MCC)] (Clausen et al., 2016). A sensibilidade (Taxa de verdadeiros positivos)
define a capacidade de identificar corretamente cepas com determinantes de AMR dos que
sao fenotipicamente resistentes. Especificidade (taxa de verdadeiros negativos) ¢ definida pela
capacidade de identificar corretamente a auséncia de determinante de AMR em fendtipos
suscetiveis. Uma alta sensibilidade e especificidade sdo considerados valores acima de 87% e
98%, respectivamente (Hendriksen et al., 2019).

A correlagdo do perfil fenotipico e genotipico ¢ avaliada pelo nivel de predi¢des
assertivas dos genotipos sensiveis e resistentes, em concordiancia com os resultados
fenotipicos sob o total de testes avaliados (# antibioticos x # de isolados). A discrepancia ¢
avaliada pelo célculo de erros principais (MEs) ou erro tipo I, isolados que foram
genotipicamente preditos como resistentes, mas mostraram susceptibilidade fenotipica sob o
total de testes que se avaliaram (#antibioticos x # de isolados). Erros muito graves (VMEs) ou
erro Tipo II, s3o devido ao caso de isolados genotipicamente suscetiveis, mas
fenotipicamente resistentes sob o total de testes que se avaliaram (#antibioticos x # de
isolados). Taxas abaixo dos pontos de corte de 3 e 1,5% de ME e VMEs, respectivamente, sao
permitidos para autorizar novos dispositivos de teste de suscetibilidade (FDA, 2021).

Altos valores de MEs podem sugerir uma adaptagao nos pontos de corte fenotipicos, ja
que poderiam falsamente classificar como linhagens suscetiveis (Garcia-Migura et al., 2012).
Divergéncias relacionadas com a caracterizagdo genotipica se devem a perda de genes AMR
em MGEs durante o armazenamento ou subcultivo. Outra varidvel seria o silenciamento de
genes de resisténcia. Altos valores de VMEs, se devem a falta de atualizagdo e curadoria das
bases de dados (Neuert et al., 2018). Os resultados falsos negativos sdo considerados os mais
preocupantes, pois podem levar ao tratamento inadequado de uma infec¢do resistente,
aumentando a morbimortalidade e os resultados falsos positivos levarem ao uso inadequado
de antibidticos, prejudicando potencialmente o paciente e aumentando o risco de resisténcia

aos antibioticos de ultima linha (Hendriksen et al., 2019).

2.3.9 Estudo de associacao genémica ampla (GWAS) da AMR

A estratégia de GWAS permite identificar variantes causais no genoma que estdo

associadas com o fenotipo (resisténcia antibidtica, viruléncia, preferéncia de hospedeiro) do
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microrganismo (San et al., 2020), incluindo a descoberta de novas variantes associado a
qualquer fendtipo. Os mecanismos primarios de variagdes genéticas sao SNPs e INDELs
(inclui inser¢des e delegdes) (Dutilh et al., 2013). O GWAS pode trabalhar sob SNPs, K-mers
e presenca ou auséncia de genes (San et al., 2020).

As ferramentas primarias no estudo de humanos usadas popularmente para a chamada
de variantes sdo GATK (Depristo et al., 2011) e SAMtools (H. Li et al., 2009); e para a
analise de associagdo, sao PLINK (Purcell et al., 2007) e FaST-LMM (Lippert et al., 2011),
porém ndo estdo diretamente implementadas para analise no genoma microbiano. Definir o
tipo de andlise estatistica depende também do tipo do fenotipo como varidvel bindria,
categorica ou continua. No caso do fenotipo bindrio, a associacdo ¢ definida pelo p-valor
usando o teste chi-quadrado, com a adi¢do de uma covariavel (estratificacdo populacional), e
usando o teste Mantel-Haenszel-Cochran ou regressdo logistica (Chen & Shapiro, 2015)
implementados em R. As ferramentas que apresentam seus algoritmos proprios baseados na
dindmica da genética bacteriana adicionam variaveis como estruturacdo populacional, taxa de
recombinacgdo, efeito de multiplex SNPs, epistasia e ajuste da diversidade. Entre as
ferramentas que consideram a maioria de variaveis estdo a SEER, PySEER (Lees et al., 2018)
e DBGWAS (Jaillard et al., 2018).

Os principais resultados do GWAS baseado em SNPs especifica a posi¢do do alelo,
p-valor, os SNPs (referéncia e alternativos), frequéncias de alelos menores (MAF), tamanho
do efeito (varia para caracteristicas quantitativas ou bindrias) e erro padrao (SE). Os
resultados sdo visualizados no grafico de Manhattan cujo eixo X € a posicdo SNP e no eixo Y
valor p ou -log (valor p) dos SNPs. Uma linha horizontal no gréafico delineia o limite de
significancia de todo o genoma. Valores acima da linha sdo considerados estatisticamente
significativos (San et al., 2020). O método apresenta alguns desafios, principalmente, o
desequilibrio de ligagdo (LD) interrompido por recombinacdo homologa e forte estrutura
populacional resultante de expansdes clonais.

Na estruturagdo populacional, as subpopulagdes apresentam diferentes frequéncias de
alelos e fenotipos, que resultam em associagdes espurias entre genodtipos e fenotipos devido a
ancestralidade compartilhada, em vez de associagdes causais (H. C. Wang et al., 2019).
Outros fatores que influenciam na associa¢do sdo o tamanho da amostra e a distribui¢do do

tamanho efetivo (San et al., 2020).

2.4 VIGILANCIA GENOMICA DA SALMONELOSE NO PERU
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No Peru, as infecgdes por Salmonella ocorrem principalmente através da transmissao
por alimentos e agua de consumo, constituindo um problema de saude publica (Quino,
Hurtado, et al., 2020; Zamudio et al., 2011). Porém, poucos sdo os registros epidemiologicos e
informagdes sobre o sequenciamento dos membros do género. O Ministério de Saude
detectou 134, 57 e 88 surtos relacionados a doencas transmitidas por alimentos entre
2003-2007, 2010-2012 e 2014-2019, respectivamente. Foram reportados 2,339,734 casos de
diarreia entre 2018-2019 (MINSA, 2019; Quino, Hurtado, et al., 2020; Zamudio et al., 2011).

Quino et al. (2020b) reportam que entre 2012 e 2015 foram isoladas 540 linhagens de
S. enterica, que incluiram 520 amostras clinicas e outras provenientes de animais e
ambientais. Em humanos, os sorovares isolados mais frequentes foram Infantis (57%),
Enteritidis (27%) e Typhimurium (6%). Em amostras ndo humanas, os sorotipos isolados mais
frequentes foram Infantis (45%), Typhimurium (40%) e Enteritidis (10%). Do total das
linhagens, 65% apresentaram resisténcia a mais de dois antimicrobianos e 43,3% foram
produtoras de B-lactamases de espectro estendido (ESBL) (Quino, Hurtado, et al., 2020).

Em estudos genOmicos recentes, analises de estruturagdo populacional em 180
amostras de S. Enteritidis de isolados clinicos e alimentos entre 2000 ¢ 2018 reportaram a
presenga de dois grandes clados subdivididos em quatro grupos populacionais e diferenciados
pela presenga de um fator de viruléncia, sdhA (Quino, Caro-Castro, et al., 2020). Quino et al.
(2019) reportou que 193 (65% do total) isolados, foram sorovar Infantis e 134 delas foram
MDR, produtoras de betalactamase de espectro estendido, além disso, 46 linhagens foram
resistentes a fluoroquinolonas (Quino et al., 2019). Concluindo que a ordem de sorovares de
maior para menor frequéncia sdo Infantis, Enteritidis e Typhimurium e houve presenga de

resisténcia a cefalosporinas de terceira geracao e fluoroquinolonas.

3 JUSTIFICATIVA

Salmonella Typhimurium ¢ um dos principais patégenos causadores de doengas
transmitidas por alimentos, constituindo um problema de saude publica global. Este sorovar ¢
altamente relevante do género Salmonella, devido a sua alta diversidade genética, ampla
adaptag@o gradual aos hospedeiros e por provocar alta incidéncia de doengas entéricas, sendo
o terceiro sorovar reportado nos casos clinicos e o primeiro em casos de Salmonelose em
animais de criacao.

Em relagdio aos animais de criagdo, o porquinho-da-india é um animal doméstico de

alto valor proteico, que possui um sistema de criagdo familiar até uma produg¢ao intensiva na
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regido andina, sendo o Peru o maior produtor internacional. Apesar de sua alta relevancia
econdmica e nutricional para essa regido, casos de Salmonelose vem causando uma alta
morbidade e mortalidade destes animais. Isso ocorre devido as limitagdes no manejo e
condi¢des sanitdrias precarias, assim como o desenfreado uso de antibidticos para o controle
da infec¢do. Estes fatores que afetam o sistema de alimentos, somado a falta de acesso a 4gua
e saneamento, estdo implicados numa alta incidéncia de surtos e doencas alimentares em
humanos, como gastroenterite e casos de diarreia, que atingem a satde publica do pais.

A Organizagdao Mundial da Satde inseriu o género Sa/monella na lista de patogenos de
ameaga publica, devido ao aumento de cepas multidroga-resistentes a diferentes classes de
antibioticos, incluindo os atuais arsenais terapéuticos (cefalosporinas de espectro estendido e
ciprofloxacino). Nesse contexto, no Peru cada vez mais se registra um alto perfil de
resisténcia antimicrobiana para isolados dos mais prevalentes sorovares procedentes de
amostras clinicas e do porquinho-da-India de criagao.

Atualmente no Peru, a vigilancia epidemioldgica e resisténcia antimicrobiana de
Salmonella sao baseados em estratégias moleculares e microbiologicas convencionais, com
um recente limitado incremento de abordagens utilizando sequenciamento gendmico destes
isolados. Assim, existe uma reduzida e ndo direcionada vigilancia gendmica da diversidade e
resisténcia antimicrobiana para S. Typhimurium procedentes de doengas entéricas em
humanos e de casos de Salmonelose no porquinho-da-india.

Este trabalho faz parte do sistema de vigilancia clinica e veterindria do sorovar S.
Typhimurium na regido do Peru, e assim, os dados obtidos no presente trabalho irdo contribuir
no registro de populagdes e diversidade gendmica das linhagens que circulam no Peru. Nosso
estudo permitirda também avaliar se o sistema de predi¢do da resisténcia pode ser baseado a
partir do genoma, assim como a identificacdo de especificos elementos modveis, filogrupos e
novos mecanismos que estejam implicados na dissemina¢do da resisténcia antimicrobiana.
Além disso, permitird uma melhor vigilancia de linhagens multidroga-resistentes dos centros
hospitalares e de criagdo do porquinho-da-india, de forma que estratégias de controle da
disseminagdo da resisténcia e prescrigao de antimicrobianos, sejam implementados, assim

como a elaboragdo de projetos voltados a melhora nas condi¢des sanitarias do Pais.
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4 OBJETIVOS
4.1 OBJETIVOS GERAL

Investigar a diversidade e determinantes resisténcia antimicrobiana usando as
sequéncias gendmicas de Salmonella Typhimurium isoladas de humanos e porquinho-da-India

no Peru.

4.2 OBJETIVOS ESPECIFICOS

1. Elucidar a diversidade genética, filogenia e populacional das linhagens S.

Typhimurium de amostras clinicas e porquinhos-da-india no Peru;

2. Caracterizar e mapear os determinantes genéticos da resisténcia antimicrobiana
(elementos moveis, genes e mutagdes) nos isolados Salmonella Typhimurium de amostras

clinicas e porquinho-da-India no Peru;

3. Avaliar e comparar a predigdo gendmica e fenotipica do perfil de resisténcia

antimicrobiana de Salmonella Typhimurium isolados de amostras clinicas de no Peru;

4. Investigar a relacdo filogenética entre linhagens e seus elementos genéticos

moveis provenientes de porquinhos-da-India de criagdo e de alimentos.
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5 RESULTADOS

5.1 CapriTuLo I - WGS-BASED LINAGE AND ANTIMICROBIAL RESISTANCE PATTERN OF SALMONELLA

TYPHIMURIUM ISOLATED DURING 2000-2017 IN PERU.

Este artigo foi publicado no periodico ANTIBIOTICS (Fator de impacto: 4.94) em agosto de
2022.

A Salmonella enterica causa doengas de transmissdo alimentar e ¢ considerada um
patdgeno de alta prioridade e ameaga global pela crescente resisténcia a fluoroquinolona e
cefalosporina de terceira geracdo. Por esta razdo foi realizado um projeto de vigilancia
epidemiologica entre 1999 e 2017 que consiste no sequenciamento e teste da susceptibilidade
antimicrobiana em 1.000 linhagens pertencentes ao Género Salmonella, das quais 90
pertencem ao sorovar Typhimurium. No Peru, S. Typhimurium constitui um dos mais
prevalentes patogenos, sendo o terceiro mais frequente em casos de gastroenterites em
humanos e o segundo em casos de salmonelose em animais. Este trabalho pretende, por meio
de um estudo gendmico e fenotipico, identificar os filogrupos e padrdes de resisténcia
circulantes do sorovar Typhimurium no Peru entre os anos 2000 e 2017. As analises
consistiram nos seguintes passos: (1) Tipificagdo do sorovar, MLST e andlise de ANI, (2)
Contextualizacdo da diversidade, filogenia, pangenoma e estruturagdo populacional
circulando no Peru e comparadas com linhagens isoladas a nivel global, (3) Avaliacdo do
resistoma pela predicdo das mutagdes, genes e plasmideos conhecidos associados a
resisténcia, predi¢do de SNVs asociados a AMR usando Genome-Wide Association Study
(GWAS) e correlacao genotipo-fendtipo. A partir dos dados obtidos, identificamos pelo
menos 10 clusters de sequéncias (SCs) circulando no Peru, dos quais as SC5 e SC19 sao
clados que emergiram recentemente. Nas linhagens peruanas encontramos uma compreensiva
diversidade, com 2.665 SNPs e um genoma acessorio contendo 4.666 genes que
compreendem 52% do pangenoma. Identificamos um plasmideo de viruléncia (IncFIB)
presente em todas as linhagens, com exce¢do de 6 linhagens pertencentes principalmente a
SC18. Em 29 linhagens pertencentes principalmente a SC9, SC4 e SCI8 carregando
importantes plasmideos resistentes transmissiveis, Incll-I(Alpha), Col(pHAD28), IncFIB,
IncHI2, and Incl2. O perfil de susceptibilidade antimicrobiana mostrou que 70 (64,81%)
linhagens ndo eram resistentes a todos os antibidticos. Fenotipicamente, 13 linhagens
(12,03%) eram multirresistentes (MDR). As maiores frequéncias de resisténcia foram para

tetraciclina (17, 18.9%), acido nalidixico (18, 20%), ampicilina (14, 15.6%) e nitrofurantoina
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(13, 14.4%). Esses fenotipos estdo associados aos genes fetd, tetG, tetC (tetraciclina);
qnrB19, gnrB42, gnrB5, e mutagdo do gyrd (83) (resisténcia ao acido nalidixico); blaTEM-1
(ampicilina) e exceto para nitrofurantoina. Concluiu-se que existem filogrupos que possuem
um mosaico de plasmideos e genes AMR associados a resisténcia a antibidticos de
importancia publica (cefalosporinas de espectro estendido, fluoroquinolonas, colistina e
fosfomicina). Esses resultados sdo um alerta da potencial ameaga na seguranga alimentar e
saude publica, sugerindo que uma ativa vigilancia epidemiologica da resisténcia
antimicrobiana para S. Thyphimurium e outros sorovares de S. enterica no Peru deve ser

realizada.
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Abstract: Salmonella Typhimurium is associated with foodborne diseases worldwide, including in
Peru, and its emerging antibiotic resistance (AMR) is now a global public health problem. Therefore,
country-specific monitoring of the AMR emergence is vital to control this pathogen, and in these
aspects, whole genome sequence (WGS)—based approaches are better than gene-based analyses.
Here, we performed the antimicrobial susceptibility test for ten widely used antibiotics and WGS-
based various analyses of 90 S. Typhimurium isolates (human, animal, and environment) from
14 cities of Peru isolated from 2000 to 2017 to understand the lineage and antimicrobial resistance
pattern of this pathogen in Peru. Our results suggest that the Peruvian isolates are of Typhimurium
serovar and predominantly belong to sequence type ST19. Genomic diversity analyses indicate an
open pan-genome, and at least ten lineages are circulating in Peru. A total of 48.8% and 31.0% of
isolates are phenotypically and genotypically resistant to at least one antibiotic, while 12.0% are multi-
drug resistant (MDR). Genotype—phenotype correlations for ten tested drugs show >80% accuracy,
and >90% specificity. Sensitivity above 90% was only achieved for ciprofloxacin and ceftazidime.
Two lineages exhibit the majority of the MDR isolates. A total of 63 different AMR genes are detected,
of which 30 are found in 17 different plasmids. Transmissible plasmids such as IncI-gamma/k,
IncI1-I(Alpha), Col(pHAD28), IncFIB, IncHI2, and IncI2 that carry AMR genes associated with third-
generation antibiotics are also identified. Finally, three new non-synonymous single nucleotide
variations (SN'Vs) for nalidixic acid and eight new SNVs for nitrofurantoin resistance are predicted
using genome-wide association studies, comparative genomics, and functional annotation. Our
analysis provides for the first time the WGS-based details of the circulating S. Typhimurium lineages
and their antimicrobial resistance pattern in Peru.

Keywords: antimicrobial resistance; multi-drug resistance; Salmonella Typhimurium; whole-genome
sequencing; resistance plasmids; antimicrobial susceptibility test; GWAS

1. Introduction

Salmonella Typhimurium, and other non-typhoidal Salmonella (NTS), are responsible
for foodborne illnesses worldwide [1]. NTS can cause gastrointestinal disease, progressing
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to systemic infections in some patients. The World Health Organization (WHO) recently
declared Salmonella a high-priority pathogen due to increased resistance to first-line antibi-
otics, fluoroquinolones, and third-generation cephalosporins [2]. In Peru, 234 foodborne
outbreaks were reported between 2014 and 2018. In 2019, 1,204,136 diarrheal cases were
reported mainly due to contaminated drinking water and food [3,4]. S. enterica serovars,
mainly Infantis, Enteritidis, and Typhimurium, were associated with gastroenteritis in Lima
hospitals during 2008-2013 and 2015-2017 [5,6]. Additionally, multi-drug resistant (MDR)
Salmonella Infantis isolates resistant to first-line antibiotics, third-generation cephalosporins,
and ciprofloxacin antibiotics are highly prevalent in Peru [7,8]. Unfortunately, limited
studies are using whole-genome sequencing (WGS) strategies to understand diversity,
alignment with antimicrobial resistance (AMR) phenotype and the AMR prevalence of
circulating Salmonella.

S. Typhimurium has a broad host range and emerging dominant MDR phenotypes.
For example, the MDR DT104 group disseminated rapidly globally [9], and ST313, an
MDR group, is responsible for invasive diseases in Africa [10]. Apart from chromosomal
mobile AMR genes mobile genetic elements, such as plasmids and pathogenic islands, are
essential in expanding AMR distribution among the population and are often associated
with hospital-acquired infections and foodborne outbreaks [8-12]. MDR Salmonella isolated
in various countries largely contain genes for (3-lactam, tetracycline, aminoglycoside, and
quinolone resistance on plasmids [13,14].

The use of WGS in molecular epidemiology and AMR surveillance has several ad-
vantages as compared to conventional PCR, other molecular methods, or phenotypic
approaches [15-17]. Since S. Typhimurium exhibits a broad and diverse host range,
pathogenicity, and risk to human health [18-20]; WGS-based comparative and phylogenetic
analysis as part of AMR surveillance is a promising approach to rapidly predict resistances
that is much faster than phenotypic methods. Reports indicate that WGS-based approaches
to predicting antimicrobial susceptibility with a good correlation between genotype and
phenotype, detecting and tracing outbreaks, and determining the complement of AMR
determinants are essential resources in the appropriate selection of antibiotic treatment
in S. Typhimurium infections [8,21-24]. Furthermore, this approach allows the discovery
of new AMR genes, or alleles of known AMR genes, as reported in various pathogenic
bacteria [12,25,26]. Comparative genomics and genome-wide association studies (GWAS)
have identified these potential causal variants associated with virulence and with AMR in
multiple organisms [26,27].

In this study, we used whole genome sequences of S. Typhimurium isolates from
a Peruvian surveillance study to determine its Peru-specific lineage and antimicrobial
resistance pattern. More specifically, we classified the S. Typhimurium serovars using
serotyping, multi-locus sequence typing, and average nucleotide identity (ANI) analysis
approaches. Further, the nucleotide diversity, phylogenetic, pan-genome, and population
structure analyses were carried out to determine the genome diversity of the circulating
Peruvian S. Typhimurium isolates. Finally, identification and characterisation of AMR
genes, GWAS-based prediction of new non-synonymous single nucleotide variation (SNVs)
for AMR, prediction of AMR effect of newly identified SNVs, and genotype—phenotype
correlations were performed for antimicrobial resistome profiling of these isolates. The
overview of the methods applied, and the objectives of this study are represented in
Figure 1.
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Figure 1. The overview of methods and objectives of this study.

2. Materials and Methods
2.1. Samples and Collection Sites

We examined 90 pathogenic S. Typhimurium isolated from humans (n = 78), ani-
mals (n = 3) and the environment (n = 9). The isolates were collected between 2000 and
2017 from 14 cities in Peru, as shown in the global map (https://glenjasper.github.io/
leaflet-salmonella).

2.2. Antibiotic Susceptibility Test

The disk diffusion method [28] was used to determine AMR following Committee
for Clinical Laboratory Standards (CLSI) guidelines for ten commonly used antibiotics:
ampicillin (AM), chloramphenicol (C), ciprofloxacin (CIP), trimethoprim-sulfamethoxazole
(SXT), cefotaxime (CTX), nalidixic acid (NA), amoxicillin-clavulanate (AMC), nitrofurantoin
(N), tetracycline (TE), and ceftazidime (CAZ). MDR was defined as resistance to at least
three antibiotics. The intermediate or reduced susceptibility phenotype was considered a
susceptible isolate (Supplementary Table S1).

2.3. Whole Genome Sequencing

We used Peruvian Salmonella Typhimurium genome (90 isolates) sequence raw reads
generated under the 10K Salmonella Project (BioProject: PRJEB35182). After assembly and
annotation, we submitted these genomes to the BioProject (PRJNA635403) as “Peruvian
Salmonella spp. Genome sequencing and assembly”. The genome sequencing was per-
formed within the 10K Salmonella Project as described by Perez-Sepulveda et al., 2021 [29].
Additionally, a global set of 50 genomes were obtained from the Genbank database and
included in the further analysis to estimate the diversity and ancestry of Peruvian isolates
globally (Supplementary Table S2).

2.4. Genome Assembly, Annotation, and Plasmid Detection

The raw fastq sequences from the Illumina 150 bp paired-end were checked for quality
using FastQC v0.11.8 [30]. De novo genome assembly was performed using Unicycler
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v0.4.5 [31], and the quality of the assembly was evaluated using Quast v3.2 [32] and
BUSCO v4.0.6 [33]. Contigs < 200 bp were removed, and the assembled genomes were
submitted under BioProject: PRJNA635403. For further analysis, the annotation was
performed using PROKKA v1.11 [34], and only the genome sequences with >20x depth
coverage were considered. We considered 20x to be the minimum coverage to include
the maximum number of our isolates (n = 90 out of a total n = 109) for core genome
analysis, variant determination, and monitoring of infectious outbreaks in other previous
studies [35-37]. Plasmids were predicted and reconstructed from the assembled genomes
using MOB-suite [38] and classified as conjugative, mobilisable, and non-mobilisable
plasmids. PlasmidFinder [39] and ABRicate (https://github.com/tseemann/abricate;
accessed on 4 April 2022) were also used to crosscheck the MOB-suite results.

2.5. In Silico Serotyping, MLST, and ANI Analysis

The serovar and sequence types were predicted using SeqSero [40] and MLST (https://
github.com/tseemann/mlst; accessed on 5 April 2022) [41], respectively. Pairwise average
nucleotide identity (ANI) values were calculated using FastANI v.1.1 [42] to determine the
degree of genomic relatedness. Results were visualised using the ggplot2 V.3.3.5 (https:
/ /ggplot2.tidyverse.org/reference/index.html; accessed on 5 April 2022). The respective
tools’ assembled genomes and default parameters were used for these analyses.

2.6. Pan-Genome and Phylogenetic Analysis

Core and accessory genes were identified using Roary v3.12 [43] with default settings.
The R package micropan v.2.1 [44] was used to model the openness of the pan-genome
using Heaps’ law as described by Tettelin et al., [45] with the number of permutations set
to 1000. Values o < 1 representant an open pan-genome, where adding new genomes will
increase the pan-genome substantially. For this analysis, we used our Peruvian samples
and 50 S. Typhimurium isolates from 29 countries distributed on six continents (Asia,
Europe, Africa, Australia, and North and South America). We used S. Typhimurium (LT2,
GenBank: NC_003197) as the reference. Core genome-SNPs were predicted using Snp-
sites [46] from the Roary v3.12 [43] core genome output. Phylogenetic analysis was based
on core genome genes of the Peruvian and 140 global samples. The RaxML v8.2.12 [47],
maximum likelihood method, GTR + Gamma model, and 1000 bootstrap replicates were
applied to create the Phylogenetic trees that were visualised using the ggtree package in R
(R Development Core Team, 2016).

2.7. Population Structure and Diversity Analyses

The population structure for two sample sets was determined separately using core
gene SNPs: (i) Peruvian and (ii) Peruvian + 50 global samples. The Bayesian analysis of
population structure (BAPS) [48] model was defined using RhierBAPS v1.0.1 [49]. The
nucleotide variation analysis within the Peruvian and global S. Typhimurium populations
was calculated using the pairwise similarity (inverse diversity calculation) and median
pairwise similarities using the core genome SNPs and the MEGA-X tool [50]. Ggplot2
package in R (R Development Core Team, 2016) was used to visualise the results. These
analyses allow estimating the diversity and ancestry of Peruvian isolates from global
representative isolates.

2.8. Identification of Known Antimicrobial Resistance Genes and Single Nucleotide Variations

For each genome, the AMR-associated genes were identified in the chromosome and
plasmids using ABRicate (https://github.com/tseemann/abricate; accessed on 4 April
2022) using CARD [51] and ARG-ANNOT [52] databases. More than 85.0% of sequence
coverage and identity were considered the lower limit. Additionally, AMR Finder [53] and
ResFinder [54], contain a large number of Salmonella spp. sequences, and were included to
corroborate the results. The AMR genes were classified according to resistance mechanisms
and drug class using the CARD database and manual curation [51].


https://github.com/tseemann/abricate
https://github.com/tseemann/mlst
https://github.com/tseemann/mlst
https://ggplot2.tidyverse.org/reference/index.html
https://ggplot2.tidyverse.org/reference/index.html
https://github.com/tseemann/abricate
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To identify the SNPs in the AMR genes from the chromosomal DNA, first, we extracted
the AMR gene sequences using Roary [43], followed by analysis with MAFFT v7.307 [55] for
sequence alignment. Finally, SNP-sites [46] was used for the variant calling. Subsequently,
we used PointFinder [56] to identify alleles and associate them with AMR.

2.9. Genotype—Phenotype Correlation

We performed the genotype—phenotype correlation (GPC) analysis using disc diffusion
antimicrobial susceptibility test results in combination with the WGS-informed AMR
analysis. These assays were compared with the occurrence of known AMR genes and
alleles associated with the resistance to the respective drug. False-positive, false-negative,
sensitivity, specificity, and accuracy of the GPC were calculated as described previously [21].
Finally, phenotypically resistant isolates that did not contain known genes for this resistance
were identified as candidates for use in finding new variants that may confer resistance.

2.10. Genome-Wide Association Study to Identify New Single Nucleotide Variations Associated
with Resistance Phenotype

In isolates where genotype-phenotype association did not match, we used the genome-
wide association study (GWAS) approach to identify possible genes and alleles for specific
AMR. A similar approach, as described by Bandoy and Weimer [57], was used for the GWAS
analysis with a chi-square test in R (R Development Core Team, 2016) to identify mutant
alleles that conferred a specific phenotype. In this process, the variant calling was performed
for all the isolates using LT2 isolate as the reference. Only the phenotype observed for
the ten tested drugs was considered. The Snippy v3.2 (https://github.com/tseemann/
snippy; accessed on 16 April 2022) was used for variant calling, and the SNPs and indels
were filtered considering a minimum sequencing depth > 20x and minor allele frequency
less than 0.02 were removed. A significant association was considered when p < 0.05,
and the values were automatically corrected for multiple testing using the Bonferroni
method [58]. The results were visualised with the Manhattan plot in R (R Development
Core Team, 2016) using the “qqman” package. To minimise the false positive association in
the GWAS analysis, we applied the population structure as a covariable in Firth’s logistic
regression analysis using the “logistf” v1.24 package in R (https://github.com/vicbpl
/ Genetic- Arquitecture-of-Zika; accessed on 16 April 2022). The population structure was
predicted using principal component analysis (PCA) and PLINK v1.90b6.9 [59], considering
the first six principal components (PC1-PC6) as continuous covariables.

2.11. Association of New Single Nucleotide Variations and Drug Resistance

The GWAS represent a powerful approach to identifying new genetic variants in
isolates that demonstrated phenotypic drug resistance but did not contain determinants
associated with known antimicrobials. We examined the potential for additional gene
variants that may explain the specific drug resistance in those isolates. When found, we
adopted the strategy described by Ferla et al. [57,60]. Additionally, we modelled the 3D
structure of the protein harbouring the variation using the corresponding amino acid
sequence and Swiss Model homology server [61]. The 3D structure was then used to
predict the stability of these proteins for the new variations using the Dynamute2 tool [62].
Finally, the stability/instability property of the new allele was correlated with the observed
drug resistance phenotype.

3. Results
3.1. Genomic Characterisation Shows Peruvian Salmonella Samples Belong to Typhimurium
Serovar and Sequence Type ST19

Ninety WGS samples passed the quality metrics and were used for further analysis
(Supplementary Table S1). The SeqSero and MLST analysis confirmed that 83 belong to
serovar Typhimurium and 85 belong to sequence type ST19, respectively (Supplementary
Table S1). For the global samples, the majority were serovar Typhimurium and sequence
type ST19. Use of ANI analysis found the Peruvian genomes were >99.6% identical, while


https://github.com/tseemann/snippy
https://github.com/tseemann/snippy
https://github.com/vicbp1/Genetic-Arquitecture-of-Zika
https://github.com/vicbp1/Genetic-Arquitecture-of-Zika
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the global samples (n = 140) were >99.4% identical (Supplementary Figure S1). These
analyses confirm that both samples belong to serovar S. Typhimurium and use all the
isolates in subsequent analyses.

3.2. Pan-Genome Structure and Nucleotide Diversity of Peruvian Samples

The pan-genome analysis examined the content of gene diversity, and the core genome
was used as input data to analyse the phylogeny, population structure, and nucleotide
variation within these isolates. The pan-genome of 140 S. Typhimurium was open (« = 0.53)
and contained 11,168 orthologous genes with 3455 core genes and 7713 accessory genes
(softcore = 495, shell = 1000, and cloud = 6218) that represent the 30.9% and 69.1%, respec-
tively (Figure 2A,B). Specifically for the Peruvian isolates (1 = 90), the core and accessory
genome constitutes 42.6% and 57.4%, respectively, where there are 7462 orthologous genes,
3181 core genes and 4281 accessory genes (softcore = 889, shell = 781, and cloud = 2611)
(Figure 2C,D). We identified values > 85.0% and 70.0% of pairwise nucleotides dissimilarity
(Supplementary Figure S2) between the overall and within-population nucleotide diversity
to be 0.057 and 0.135 for global and Peruvian samples, respectively, indicating that our
Peruvian isolates are more genetically diverse and present an open pan-genome with o
value minor to 1 (o = 0.73).

Soft-core

133 <=n< 138 Shell

21<=n< 133

Cloud
n<20
55.7%
Core
138 <=n<= 140
Soft-core
85 <=n< 89 C
Shell
Cloud 13 <=n< 85
n<13

35.0%

BEBERE 33zazaceen o g
8358

H

89 <=n<= 90

Core Cloud

Figure 2. Pan-genome analyses of S. Typhimurium isolates. (A,C), Pie charts showing the proportion
of repertoire genes in the core, soft-core, shell, and cloud of the pangenome of the global (1 = 140)
and Peruvian S. Typhimurium isolates (1 = 90). (B,D), Gene presence-absence matrix shows the
gene distribution in each genome. Heatmap legends on the right of panels (B,D) indicate the
cluster sequence to which each sample belongs. The accessory genome of 69.1% and 57.4% presents
a high diversity of gene content distinguished by sequence clusters (lineages) for Peruvian and
global samples.
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3.3. Ten Lineages of S. Typhimurium Classified under Two Major Clades Are Circulating in Peru

The un-rooted phylogenetic tree based on the core genome clustered similarly for
both the global and Peruvian samples. The Peruvian isolates were analysed with the other
global samples and contained ten distinct sub-clades (Supplementary Figure S3). It is
also observed that the lineages of Peruvian isolates are distributed across the continents
(Figure 3). When analysed exclusively for the 90 Peruvian isolates, the phylogenetic tree
shows a similar number of sub-clades (Figure 3). Both analyses also found that the Peruvian
samples are mostly distributed in two major clades. When we determined the population
structure as sequence clusters (SC, assigned as lineages) by a two-level hierarchical Bayesian
approach (BAPS) using the core gene SNPs, we observed at least 19 sequence clusters for
the global samples and 10 sequence clusters for the 90 Peruvian samples within this global
sample pool (Supplementary Figure S3). The first clade (1 = 47) includes the sequences
cluster SC13 (n = 24), SC14 (n = 9), SC15 (n =7), SC16 (n = 4), and SC9 (n = 3); while the
second clade (n = 43) includes SC2 (n = 6), SC3 (n = 4), SC8 (n = 6), SC17 (n = 26), and SC18
(n =1) (Figure 3).

While we further analysed the sequence clusters only for the 90 Peruvian samples, we
identified four additional sub-populations without much phylogenetic difference, where
SC2 consists of three sub-sequence clusters and SC3 and SC8 had two sub-sequence clusters
each (Figure 3). Therefore, ten sequence clusters or lineages are circulating in Peru. The
major clonal group CG-I (SC3) consists of 24 isolates, distributed in seven different Peruvian
cities, mostly isolated during 2005-2006, and closely related to a Switzerland sample. The
second crucial clonal group, CG-II (SC17), consists of 26 isolates, is found in eight different
Peruvian cities, isolated during 2000-2001, and is closely related to a Chilean sample
(Figure 3).

3.4. The Phenotypic Profile Shows 48.9% Resistance to at least One Drug in Isolates Circulating in
Peru for Ten Drugs

Out of the 90 Peruvian samples, 44 isolates (48.9%) contained resistance to at least
one drug from the tested drugs using the disc diffusion assay. Out of these 44 isolates, the
highest phenotypic resistance profile was for NA (n = 18, 40.9%; or 20.0% considering total
90 isolates), TE (n = 17, 38.6% or 18.9% considering total 90 isolates), AM (n = 14, 31.8%; or
15.6% considering total 90 isolates), N (n = 13, 29.6%,; or 14.4% considering total 90 isolates),
and 11 samples (25.0%; or 12.0% considering total 90 isolates) show MDR (Supplementary
Table S1, Figure 4). These MDR isolates mostly belong to SC8 (n = 5), followed by SC9
(n=2),5C15 (n = 2), SC17 (n = 1). In sample collection site-based analysis, Lima shows
most (n = 10) of the MDR isolates and only one from Huanuco (Supplementary Table S1).
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Figure 3. The phylogenetic tree was generated using a maximum likelihood method with 1000 repli-
cates of bootstrap using GTR + GAMMA to estimate the evolutionary distance between Peruvian
isolates (1 = 90). The phylogenetic tree was clustered into at least two large clades and separated into
nine sub-clades. Each sub-clade corresponds to a population group, except for SC18. Two emerging
clades (CG-I and CG-II) are also found. Additionally, we identified subgroups based on the prediction
of only the Peruvian population structure, but they did not show the phylogenetic distinction.
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Figure 4. Individual antibiotic resistance profile of Peruvian isolates and their genotype-phenotype
correlations for our ten tested antibiotics. Antibiotic abbreviation: ampicillin (AM), chloramphenicol
(C), ciprofloxacin (CIP), trimethoprim-sulfamethoxazole (SXT), cefotaxime (CTX), nalidixic acid (NA),
amoxicillin-clavulanate (AMC), nitrofurantoin (N), tetracycline (TE), and ceftazidime (CAZ). AMR
profile abbreviation: Gen, genotypic; Phen, phenotypic; Gen-Phen, genotypic-phenotypic.

3.5. Genotypic Profile Showed 31.0% of Drug Resistance Isolates Are Circulating in Peru

The genotypic profile for 90 isolates showed the presence of a total of 63 (chromosomal
+ plasmid) different AMR genes as per drug class and resistance mechanisms. We found
31 were chromosomal, 32 were acquired in the 90 samples (Supplementary Table S3).
However, since we have only the DNA sequence data, we over-ruled the expression-
based drug resistance mechanism and have considered only the genes that confer drug
resistance if it is present or when alleles were present. Based on these criteria, we found
19 isolates containing mobile AMR genes, two isolates harboured known single nucleotide
variations in chromosomal AMR genes that conferred drug resistance, and seven isolates
contained both the mobile AMR gene as well as variations in chromosomal AMR genes
(Supplementary Table S3). Therefore, 28 isolates (31.0%) showed resistance to at least one
drug gene/variation, including an untested drug.

While we considered the use of 10 antibiotics and DNA-based criteria, we found 26 iso-
lates that have at least one AMR gene/variation in the genome. Out of these 26 isolates,
17 isolates contained mobile AMR genes, two isolates had known variations in chromo-
somal AMR genes, and seven isolates had both the mobile AMR gene and variations
in chromosomal AMR genes (Supplementary Table 53). In this analysis, the resistance
genotypic profile was observed: nalidixic acid was (1 = 17, 65.4% or 18.9% considering
total 90 isolates), tetracycline (n = 13, 50.0% or 14.4% considering total 90 isolates), and
ampicillin (n = 10, 11.0%) (Figure 4). These MDR isolates mostly belong to SC8 (n = 5) and
5C9 (n = 3) (Supplementary Table S3). The details of the mobile AMR gene and variations
in chromosomal AMR genes of our samples are given in Table 1 and Table S3.
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Table 1. The genotype to phenotype concordance using accuracy, sensitivity, and specificity for Peruvian isolates for ten tested drugs.

Susceptible Phenotype Resistant Phenotype
A - P
iati i Resistant Susceptible Resistant Susceptible ceuracy Sensitivity Specificity
Antibiotic New Variations in Chromosomal Genes Known Variations in Mobile Resistance Genes
Chromosomal Genes Genotype Genotype Genotype Genotype
FP TN TP EN (TP + TN)/TOTAL TP/(TP + FN) TN/(TN + FP)
. . ) tetA (n = 15), tetB (n = 2), N N N
Tetracycline (T) tetD (n = 3), tetR (1 = 4) 1 72 13 5 94.4% 72.2% 98.6%
bIaTEM-176 (n = 1),
DbIaTEM-181 (n =9),
Ampicillin (AM) - blaSHV-134 (n=1), 5 71 5 9 84.4% 35.7% 93.4%
bIaTEM-181 (n=1),
blaCTX-M-15 (n=1)
A ompA (n =90), ampH (n = 46), golS (n = 90), mdsA (n = 87), mdsB (n = 90), mdsC
Am"x“‘l(ll;'l‘\:fgv“l’““e (n=69) - 2 86 0 2 95.6% 0.0% 97.7%
blaCTX-M-15 (n =1),
Cefotaxime (CTX) - blaSHV-12 (n = 1), 0 85 2 3 96.7% 40.0% 100.0%
DblaSHV-134 (n = 1)
Ceftazidime (CAZ) - 1 88 1 0 98.9% 100.0% 98.9%
Chloramphenicol (C) oIS (n=90), mdsA (n = 87), mdsB (n = 90), mdsC (n = 69) - florR (n = 5) 2 81 3 4 93.3% 42.9% 97.6%
Ciprofloxacin (CIP) mdtK (n = 90), crp (n = 90), emrA (n = 90), emrB (n = 87) [p.G509D, G510D gyrA (n=90) B5 (n=8 e 3 85 2 0 96.7% 100.0% 96.6%
(11 ="1)], emrR (n = 90), gyrB (n = 89) p.S347P (11 = 1), parC (n = 89) [p.A554T p-S83Y (11 =6), p.SS3F (n=1), anr ; o -m)éq"’_ 5
Nalidixic acid (NA) (1 =3), p.R360H, R365H (1 = 1), p.T5715 (11 = 1)] p.D87G (n=1), p.D87Y (n=1) (n=3), qnrB19 (n = 2) 3 69 14 4 92.2% 77.8% 95.8%
Trimethoprim- dfrl (n =5), dfr12 (n =2),
sulfamethoxazole - - dfr14 (n=1), sul2 (n = 4), 2 84 3 3 96.7% 50.0% 97.7%
(STX) sul3 (n=>5)
Nitrofurantoin (N) nfsA (n =90), nfsB (n = 88), ribE (n = 89) - - 0 77 0 13 85.6% 0.0% 100.0%

Aminoglycoside

aac(6')-Iaa (n = 90), kdpE (n = 74) [p.A115G, A115E (n = 2), p.L39P (n =3),
p.R81H, S100R (1 = 1)]

aac(3) Ile (n = 6), aph(3' )-Ia
(n =4), aac(3)-lie (n = 6),
aac(6')-lan (n = 2),
ant(3”)-lia (n = 1),
aph(3”)-Ib (n = 7), aph(6)-1d
(1=6)

Aminocoumarin and

baeR (n = 90), cpxA (n = 86)

Aminoglycoside
mdtB (n = 84) [p.T69A (n = 5), p.S157A (n = 5), p.N199H (n = 1), p.R512H
aminocoumarin (n=3), p.Q315R (1 = 1), p.R590H (n = 5)], mdtC (n = 90) [p.T81S (n = 1), - -
p.N113K (n = 1), p.N133D (n = 1)]
acrB2 (n = 90) [p.L332F (1 = 3), p.V482A, A491T (n = 1)], sdiA (n = 90), tolC
Multiclass (n =89), H-NS (1 = 90), marA (n = 90), acrB1 (n = 90) [p.T599P (n = 27), p.R418H - kpnH (n = 3)
(n = 4), p.L845F (n = 1)], mdtC, marA
Bacitracin bacA (n =89) - -
Nitroimidazole msbA (n = 90) - -
Microcin yojl (n =90) [p.H431Y (1 = 6), p.A366D (1 = 2)] - -
Lincosamide - - 1inG (n=3)
Bleomycin - - BLMT (n=1)
Fosfomycin - - fosA3 (n=1)
Colistin - - mer-1 (n=3)
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3.6. Ciprofloxacin and Ceftazidime Resistance Shows the Best Genotype—Phenotype Correlation,
but Nitrofurantoin Does Not

While we compared our genotype-based drug resistance isolates to the phenotype data
for ten tested antibiotics, we observed that 22 isolates were phenotypically resistant; they
did not contain a known AMR plasmid or mobile gene or any mutation in the chromosomal
AMR gene. On the other hand, out of the 28 genotypically resistant isolates, four isolates
did not demonstrate phenotypically correlation to NA (n = 2), multi-drug resistance (n = 2)
and additional drugs not testing (1 = 2). Therefore, we considered a total of 50 isolates
(44 phenotypically and 4 genotypically resistant to 10 tested drugs, and 2 genotypically
resistant to untested antibiotics) for our further analysis (Table 2).

While we considered the genotype and phenotype data for ten drugs, 22 (n = 44-22)
isolates had no correlation between the genotype and phenotype. In these 22 phenotypically
drug-resistant isolates, ten isolates showed resistance exclusively to N, 3 to AM, 2 to CTX,
and one each to NA, TE, AMC, AM + N, AM+ CTX+ C, AM + C+ TE, and AM+ SXT
(Table 2, Supplementary Table S3). According to our calculation, as described in the
method, the genotype—phenotype correlations for the ten tested antibiotics, the accuracy
was 84.4% to 98.9%, specificity is between 93.4% and 100.0%, and the sensitivity reached
up to 100.0% only for ciprofloxacin and ceftazidime resistance (Table 1). Ciprofloxacin and
ceftazidime show >96.0% accuracy, specificity, sensitivity, and the lowest values were for
beta-lactam resistance, followed by chloramphenicol and trimethoprim-sulfamethoxazole.
In addition to that, we did not obtain a good sensitivity for nitrofurantoin as most of
the phenotypical nitrofurantoin resistance isolates do not have any known nitrofurantoin
resistance marker (Table 1).

3.7. Seventeen Different Plasmids Carrying 30 AMR Genes Were Identified in Peruvian Isolates

We identified a total of 47 different plasmids in the 90 Peruvian isolates of which
30 plasmids did not carry any AMR gene, while 17 contained at least one AMR gene. A total
of 30 AMR genes were found in the 17 plasmids from 28 isolates. A maximum occurrence
of eight AMR genes was found in one plasmid (IncHI2A family, isolate-FD01846422)
(Supplementary Table S4). These isolates mainly belong to SC9, SC2 and SC8 lineages.
Among the 90 isolates, 83 isolates had the IncFIB virulence plasmid, and this IncFIB plasmid
was observed in all the sequencing clusters except the isolates that belong to SC18 and one
isolate under SC2 (Supplementary Table S1, Figure 5). The details of the isolates and their
corresponding plasmid AMR genes are given in Table 3 and Table S4.

In addition, we detected plasmid-mediated resistance to third-generation cephalosporin,
Incl-gamma/k1_P7 plasmid (n = 1/SC8) carrying blaCTX-M-15 gene and IncI1-I(Alpha)_P14
plasmid (n =1/SC3), blaSHV-12 and blaSHV-134 genes (Supplementary Table S4). Eleven iso-
lates (n =5/5C8, n=3/5C2, n =2/5C16, and n = 1/SC13) showed presence of Col(pHAD28)
plasmid carrying fluoroquinolone-resistant either gnrB19 or qnrB5 gene. The fluoroquinolone-
resistant gnrE2 gene was found in three isolates belonging to the SC9 group that contained
the IncHI2_P1 plasmid (Supplementary Table S4). Another critically important antibiotic-
resistant gene, fosA3, for fosfomycin was identified in IncFIB(pN55391)_P12 (n = 1/5C15),
and mcr-1 gene for colistin resistance was found in IncHI2_P1 (n = 1/5C9), Incl2_P3
(n =2/5C9) (Supplementary Table S4).
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Table 2. Profile of 50 Peruvian drug resistance isolates (44 phenotypically and 4 genotypically resistant to 10 tested drugs, and 2 genotypically resistant to untested

antibiotics).
SC Isolate Resistance Genes Profile Resistalrjlf(:eﬁll’lasmids Ph eEStS;IS)tiinISfoﬁl e Institution/Hospital City Year
tetA, tetD, sul3, linG, floR, H IE
dfrA12, blaTEM-181, qnrE2, IncHI2_P1, IncI2_P3, B ospital Emergencias .
FDO1846446 mer-1, apgigé-zgf api(31 b, PG, P8, IncKIB(S) P Pediétricas Lima 2017
aa , dfr.
SC9 tetA, tetD, sul3, linG, floR, ] )
FD01846422 afrAl2, Z%’f%la *; i(gnﬁg IncHI2_P1, P6 NA, C, SXT, TE HOSPEZLEE‘E gencias Lima 2017
aadA2, dfrAl, sul2
tetA, tetD, sul3, linG, floR, H E
dfrA12, blaTEM-181, qnrE2, IncHI2_P1, IncI2_P3, ospital Emergencias .
FDO01872670 mer-1, aph(6)-1d, aph(3”)-Ib,  P6, P8, IncFIB(S) P11 NA, G, SXT, TE Pediétricas Lima 2017
aadA2, dfrAl, sul2, tetR
aac(3)-lie, blaTEM-181, gyrA P4
FDO1852492 p-S83Y, aph(3")-Ib, dfr Al floR, o1 gamma/K1_P7, NA, N LRR Apurimac Apurimac 2015
qacL, sul3, gnrB5, ANT(3”)-Iia, P6, Col(pHAD28)_P13
blaTEM-176 , 0P -
(3)-lIie, blaTEM-181, gyrA o
aac(3)-lIie, bla -181, gyr. Incl-gamma/K1_P7,
FDO01852476 p.S83Y, aph(3')-1a, tetA, qnrB19, P10, A S INSN Lima 2015
blaCTX-M-15 Col(pHAD28)_P13,
P16
SC8 ;
aac(3)-lie, blaTEM-181, gyrA P4, P6, Hospital E .
FD01852484 p.S83Y, aph(3')-Ia, dfrAl, floR, ~ Incl-gamma/K1_P7, NA, C, SXT O i oo cas Lima 2015
qacL, sul3 Col(pHAD28)_P13 ediatricas
aac(3)-lie, blaTEM-181, gyrA Hospital Emergencias .
FD01852637 0SS5, tet A, qnrBa P9, Col(pHAD28)_P13 NA, CIP, TE, AM Podidtrions Lima 2015
aac(3)-lie, blaTEM-181, gyrA .
FD01852500 583Y, aph(3)-1a, totA P4, P15, P16 NA, TE, AM INSN Lima 2016
FD01852499 aac(3)-lie, blaTEM-181, gyrA  py col(pHAD28) P13 NA, CIE, AM, AMC ~ [1ospital Emergencias Lima 2016

p-S83Y, gnrB19

Pediatricas
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Table 2. Cont.

SC Isolate Resistance Genes Profile Resistaﬁc:ﬁll’lasmids Pherlf:ts;;tiinlsfoﬁle Institution/Hospital City Year
FD01852647 aph(3")-Ib, aph(©)-1d, sul2, tetA, P2 TE INEN Lima 2015
FDO01852582 aph(3”)-1b, aph(6)-1d, sul2, tetA, P2, IncN_P17 TE Hospital Emgrgencias Lima 2013

tetR Pediatricas
FDO1851394 aph(3”)-Ib, aph(6)-Id, sul2, tetA P2 TE Hospital Emergencias Lima 2013

SC2 Pediatricas
FD01852653 qnrB5, tetA, tetR Col(pHAD28) P13, NA, TE DISA Lima Ciudad Lima 2012

IncFIB(S)_P11, .
FD01852523 qnrB5, tetA Col(pHAD28)_P13 NA, TE INEN Lima 2016
IncFIB(S)_P11, Hospital Emergencias .

FD01852539 qnrB5, tetA Col(pHAD28)_P13 NA, TE, AM, C, SXT Pediatricas Lima 2016
SC18 FD01851477 aph(3')-1a, dfrA14 IncFIB(pN55391)_P12 NA DIRESA Trujillo La Libertad 2008
SC16 FD01852549 qnrB5, gyrA p.S83F Col(pHAD28)_P13 NA UNMSM Lima 2017
SC16 FD01852587 gyrA p.D87Y - NA INEN Lima 2014
SC14 FD01852461 gyrA p.D87Y - NA INEN Lima 2015
SC16 FD01852535 gqnrB5 Col(pHAD28)_P13 - Cusco Cusco 2016
SC13 FD01852545 qnrB5 Col(pHAD28)_P13 - INEN Lima 2017
FD01852865 sul2, tetB, aac(6')-Ian IncC_P5 AM, C, TE Hospital Dos de Mayo Lima 2010
sc1 FD01852857 sul2, tetB, aac(6')-Ian IncC_P5 STX, NA, TE, N DIRESA Huanuco Huanuco 2010
> FD01852558 fosA3 IncFIB(pN55391)_P12 NOT TESTED DIRESA Callao Callao 2013
FD01852530 KpnH - SXT, NA INEN Lima 2016
SC13 FD01851538 KpnH - N INEN Lima 2016
SC3 FD01852748 blaSHV-12, blaSHV-134 IncI1-I(Alpha)_P14 AM, CTX INEN Lima 2011
FD01852600 aph(3')-Iia, BLMT IncI1-I(Alpha)_P14 NOT TESTED INEN Lima 2014
SC17 FD01851425 - - NA CENAN/INS Lima 2007
SC16 FD01852548 - - TE Hospital Emergencias Lima 2017

Pediatricas
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Table 2. Cont.

SC Isolate Resistance Genes Profile Resistaﬁc:ﬁll’lasmids Pherlf:ts;;tiinlsfoﬁle Institution/Hospital City Year
FD01851503 - - N DIRESA Trujillo La Libertad 2005

FD01848616 - - N LIMA CIUDAD Lima 2005

FD01851500 - - N Puno Puno 2005

FD01851509 - - N Direccion de Salud I Callao 2005

SC13 FDO01851516 - - N LRR Chiclayo Lambayeque 2005
FD01851519 - - N Huaraz Huaraz 2005

FD01851527 - - N Direccion de Salud I Callao 2006

FD01851529 - - N Huaraz Huaraz 2006

FD01851530 - - N INEN Lima 2006

FDO01851538 - - N LIMA Lima 2006

FD01848677 - - CTX Cajamarca Cajamarca 2000

SC17 FD01848679 - - CTX LIMA ESTE Lima 2000
FDO01851388 - - AM INEN Lima 2010

sc1s FD01851386 - - AM Hospital Bmergencias Lima 2010
sc13 FD01851541 - - AM Hospital Santa Maria Tca 2006
SC14 FD01851320 - - AMC CENAN/INS Lima 2009
SC13 FDO01851499 - - AM, N LRR Chiclayo Lambayeque 2005
sc13 FD01848615 - - AM, SXT Hospital San Lima 2005

Bartolomé
SC17 FD01852858 - - AM, C, TE DISA Lima Ciudad Lima 2010
sc17 FD01848690 - - AM, C, CTX Hospital San Lima 2001
Bartolomé

Antibiotic abbreviation: ampicillin (AM), chloramphenicol (C), ciprofloxacin (CIP), trimethoprim-sulfamethoxazole (SXT), cefotaxime (CTX), nalidixic acid (NA), amoxicillin-clavulanate
(AMCQ), nitrofurantoin (N), tetracycline (TE), and ceftazidime (CAZ).
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Figure 5. Heatmap showing presence and absence of antimicrobial resistance (due to chromosomal
AMR gene variations, mobile genes, and plasmids), their corresponding phenotype, and sequence
cluster classification in 50 Salmonella Typhimurium isolates.

3.8. Hospital Emergencias Pediatrica Shows the Presence of Most of the MDR Isolates in Peru

Out of the 26 genotypically AMR isolates, 21 were from Lima, and 1 was from Apuri-
mac, La libertad, Callao, Huanuco, and Cusco. Of these twenty-one AMR isolates from
Lima, ten are MDR isolates, with seven found at Hospital Emergencias Pediatrica, two
found at Instituto Nacional de Salud del nifio, and one is present in LRR Apurimac. Out
of the phenotypically resistant 44 isolates, 12 were MDR (Lima # = 11, Huanuco n = 1).
From these twelve MDR isolates, six isolates were from Lima, Hospital Emergencias Pe-
diatrica, two were from Instituto Nacional de Salud del nifio and another four MDR
isolates were distributed in four different hospitals in Lima. AM, NA and TE resistance
were the most prevalent in these MDR isolates. Three isolates showed phenotypic resis-
tance to maximum five antibiotics (FD01852539: AM + C + SXT + NA + TE; FD01852476:
AM + CTX + NA + TA + CAZ; and FD01852499: AM + CIP + NA + AMC + TE) and were
prevalent at Hospital Emergencias Pediatrica and Instituto Nacional de Salud del nifio.
Importantly, we also found that Salmonella acquired MDR genes after 2015 (Tables 2 and S3).

3.9. Probable NA Resistance New Single Nucleotide Variations from Core AMR Gene Analysis

Based on the core genome analysis, we identified 30 non-reported non-synonymous
single nucleotide variations (SNVs) in 11 AMR genes in our samples. Among these,
four aminoglycoside resistance genes (acrB1, kdpE, mdtB, mdtC) had 17 SNVs and the
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microcin resistance gene (yojl) showed two SNVs. However, we were unable to pro-
ceed with these variations as we did not perform the phenotypic tests for these drugs
(Supplementary Tables S3 and S5). The other 11 new SNVs detected in 6 AMR genes (emrB,
parC, gyrB, acrB2, sdiA, nfsA) are associated with fluoroquinolone, multiclass, and nitrofu-
rantoin resistance were selected for further analysis. The isolates that showed a specific
drug resistance phenotype but had no known marker for that phenotype but had a new
variation were selected. Following this strategy, finally, a total of three SNVs in two genes
parC (A554T, T571S for NA), and sdiA (K104Q for NA), were selected for structure-based
functional annotation (Supplementary Table S5).

3.10. Probable Nitrofurantoin Resistance Eight New Genes and Their Variations from
GWAS Analysis

Out of the 44 phenotypically resistant isolates, 13 isolates showed N resistance but
had no known AMR markers for N. Therefore, in the GWAS analysis, we focused on these
13 isolates to predict the potential causal SNVs associated with N resistance. We observed
eight non-synonymous substitution variations in eight different genes in eleven isolates that
were significantly associated with N resistance (p < 0.0000526). It is also important to note
that these 11 isolates belong to SC13, and the SC13 group had 24 isolates. Therefore, any
S5C13 isolate containing all eight variations has a 46.0% chance of showing the N-resistant
phenotype. The SNVs were MdtH L15P, hypothetical protein G6V, QseC1 L19V, PpnN
R116C, BioH A236T, WecA B2841, PurA A103G, and Tsr2 D161G. The details of these genes
and SNVs are provided in Table 3. The first logistic regression-based negative results (false
positive) of N resistance association are shown in Supplement Table Sé.

Table 3. Potential nitrofurantoin resistance eight genes and their SN'Vs identified with GWAS.

Locus Gene Product Effect p-Value
NC_003197.2:1252216 mdtH Multi-drug resistance  missense_variant c44T>C ) 4511539616509e-06
protein MdtH p- Leul5Pro
NC_003197.2:2585776 hypothetical protein missense_variant ¢.17G>T 5 595733735481 e-06
p. Gly6Val
NC_003197.2:2933724 gseC_1 Sensor protein QseC missense_variant ¢55A > C -y 45119939616509e-06
p-llel9Leu
Pyrimidine/purine
nucleotide missense_variant ¢.346C >
NC_003197.2:3119194 ppnN 5-monophosphate T o Argl16Cys 1.85112239616509e-06
nucleosidase
Pimeloyl-[acyl-carrier . .
NC_003197.2:3667964 bioH protein] methyl ester missense_variant ¢.706G > g5115739616509e-06
esterase A p.Ala236Thr
Undecaprenyl-phosphate
NC_003197.2:4127935 wecA alpha-N- missense_variant 850G >y o1 12939616509¢-06
acetylglucosaminyl A p.Val284lle
1-phosphate transferase
. Adenylosuccinate missense_variant ¢.308C >
NC_003197.2:4609418 purA synihetase G p Ala103Gly 1.85112239616509¢-06
NC_003197.2:4790581 tsr_2 Methyl-accepting missense_variant c482A > g511739616509¢-06

chemotaxis protein I

G p.Aspl61Gly

3.11. Functional Annotation of Nalidixic Acid and Nitrofurantoin Resistance Possible
New Variations

We tested the effect of the newly identified three SNVs from two core AMR genes
(for NA resistance) and eight new SNVs from eight genes (N resistance) from our GWAS
analysis following the methods we described.
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We determined the 3D structure of all these proteins, except the hypothetical protein
and tsr_2. Therefore, we succeed in checking the effect of twelve new SNVs in nine
genes (Supplementary material S1). Out of the four known fluoroquinolone resistance
SNVs in gyrA, we found three SNVs that are destabilising (Table 4), indicating that many
of the variations that have destabilising effects may be associated with drug resistance.
Only the new SNVs for parC p.T571S, A554T, and sdiA p.K104Q were present in strains
phenotypically resistant to NA and N, respectively, with no other known resistance gene.
While we tested the effect of the identified unknown SNVs in other genes, except ppnN
p-R116C, all 11 new SNVs were found to destabilise their corresponding protein. Therefore,
considering the destabilising effect of the gyrA mutations, we may conclude that our
identified new SNVs may be associated with NA and N resistance (Table 4).

Table 4. Most of the non-synonymous variations for the NA and N resistance are predicted to be
destabilising based on AAG (Kcal/mol) calculation.

Non- Prediction Antibiotic
Analysis Gene Synonymous Isolates Stability AAG Stability .
L Resistance
Variations (Kcal/mol)
A554T 3 -1.82 Destabilising
parc R360H
R365H 1 —1.86 Destabilising
T571S, A554T 1 -1.01 Destabilising
Variants in core D87G 1 —0.84 Destabilising Fluoroquinolone
AMR genes D87Y 1 0.18 Stabilising (NA, CIP)
gyrA
S83F 1 —0.85 Destabilising
583Y 6 -091 Destabilising
sdiA K104Q 1 —0.18 Destabilising Multiclass
nfsA E99K 7 —0.61 Destabilising
mdtH L15P 24 -1.34 Destabilising
hypothe‘tlcal eV o4 . )
protein
gseC_1 I19L 24 —0.09 Destabilising ;
Nitrofurantoin
New SNPs ppnN R116C 24 0.24 Stabilising
using GWAS
bioH A236T 24 —1.04 Destabilising
wecA V2841 24 —0.47 Destabilising
purA A103G 24 -1.19 Destabilising
tsr 2 N161G 24 - -

4. Discussion

Our study is the first using WGS analysis and antimicrobial susceptibility test (AST)
of S. Typhimurium isolates (1 = 90) between 2000 and 2017 from different cities in Peru to
examine the diversity, WGS-AST correspondence, resistome profile, and emerging lineages.
Our study concludes that a considerable nucleotide, gene, and phylogenetic group diversity
circulates in Peru.

Peruvian samples belong predominant to ST19, with a diverse accessory content,
constituted by plasmids and segregated by phylogenetic groups. We reported that 94.4% of
S. Typhimurium isolates in Peru belong to sequence type ST19. This was expected because
ST19 is among the most predominant ST associated with gastroenteritis cases world-
wide, and it is the most ancestral and diverse phylogenetically ST for the serovar Ty-
phimurium [11,19,20].
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The population contained an open pan-genome with many repertoire genes for global
and Peruvian isolates comparable to previous reports [19,63,64]. However, the core gene
content was smaller than previously reported (3672 genes) [19] Fu et al. (3846 genes) [64].
Likewise, we defined the accessory genome as constituted of diverse plasmids without
predicting other mobile elements. Other studies highlight that the composition of the
accessory genome for S. Typhimurium is mainly based on the diversity contribution of
prophage genes, up 23.4%, followed by other elements such as plasmids and mobile islands,
up 13.3% [19,64]. In addition, we did not corroborate that phylogenetic groups segregate
the accessory genome by PCA analysis (analysis not shown).

Initially, a low accumulation nucleotide of 400-600 SNPs was reported for the serovar [20].
Although, other studies showed a large accumulation of SNPs by isolate (1232 SNPs) [64]
and a total of 62,884 SNPs for the African population [10]. These studies are comparable to
the vast number of polymorphisms (3045 SNPs) within genomes circulating in Peru with a
moderate median pi value (0.135) at the intrapopulation diversity level described by Pons,
1996 [65].

The phylogenetic topology showed two high-order clades and population structures
identified at least 10 lineages supported by subclades with depth branches to multiple
branches. This topology has already been discussed previously in studies; this includes
an alpha clade basal with livestock samples with a diversity of terminal branches corre-
sponding to clonal expansions. A distinct beta clade is characterised by multiple lineages
from the vast host (including wild avian) that are deeply rooted [19,20]. Likewise, we
report the emergence of SC13 and SC17 lineages by their relative widespread in the country
and the prevalent MDR phenotype of SC9 and SC8 lineages. It has already been shown
that subclades are under different anthropogenic selection pressures. Antibiotic use might
provide the selection pressure driving the emergence of sub-lineages containing AMR
genes [10,11,19,66]. MDR strains harbour variable numbers of resistant plasmids reported
mainly from livestock samples and outbreaks in hospitals and foods [19,20].

S. Typhimurium presents considerable resistance to first-line antibiotics, susceptibility
to cephalosporins and ciprofloxacin, and low sensitivity value of phenotypic prediction due
to the unknown resistance mechanism. This study explored resistance trends, transmission,
profile genotypic and phenotypic, correlation, and discovery of new genetic bases for
resistance phenotypes with phylogeny. The study reports a high number of strains (48.8%)
with phenotypic resistance to at least one antibiotic compared to the variable prevalence
(26.0%/n =95, 61.6%/n =193, 37.3%/n = 3491) for NTS clinical and food samples from Peru,
US, and England, respectively [21,22,67]. We found considerable resistance to first-line
antibiotics (nitrofurantoin, tetracycline, nalidixic acid, and ampicillin); only 12.0% were
MBDR strains. The persistence of resistance to first-line antibiotics over the years in this
study was expected due to the continued use of treatment in Salmonella [24].

Previous studies of NTS and S. Typhimurium strains show a significant number
(24.3%-43.0%) of MDR strains to first-line antibiotics except for nitrofurantoin, and with the
addition of sulphonamide, streptomycin, and chloramphenicol (in some cases) in American
Latin, USA, and England [21,22,24,66,68]. This minor prevalence of MDR strains compared
to other studies of NTS samples should include different serovars that present high and
diverse MDR. In recent years, S. Infantis has been the most predominant serovar detected
in clinical samples associated with high resistance to first-line antibiotics, third-generation
cephalosporins [7,8], and ciprofloxacin [8,68,69]. Although 85.0% of our samples were
clinical isolates, S. Typhimurium, compared to other serovars, still presents a reduced
resistance to priority antibiotics. On the contrary, S. Typhimurium is a relevant pathogen
in guinea pigs with distinct and moderate AMR profiles that include colistin and en-
rofloxacin [70], erythromycin and nitrofurantoin resistance [71]. In addition, Salmonella
isolates from chicken meat show high quinolone resistance (enrofloxacin and NA). Cur-
rently, the resistance spectra of the MDR strains of Salmonella serovars have been emerging
in farm animals [24]. Because quinolones, chloramphenicol, aminoglycosides, and nitrofu-
rantoin are exhaustively used as treatment and/or prophylactic in farm animals [68,70-74],
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constituting the leading resource of transmission on the emergence of resistant strains
is reported.

WGS showed the content of AMR chromosomal genes with an impact on the resis-
tance based on their expression. These AMR genes encoded most efflux pumps reported
by Seribelli [11]. Complementary, we identified 32 AMR acquired genes (Table 1, this
profile AMR genes were similar and minor to previous works [21-23,66,73]. These studies
detecting additionally other EBSLs, ribosomal protection mechanisms, PMQR genes, phos-
photransferase, efflux pump, and an acetyltransferase that confer resistance to spectrum
extended beta-lactam, tetracycline, fluoroquinolone, macrolides, and phenicol, respectively.
Genotypic AMR profile to priority antibiotics shows the nalidixic acid resistance associ-
ated with the presence of PMQR genes (qnrB5, gnrE2, qgnrB19) or mutations (D87G, D87Y,
S83F, S83Y) in the gyrA gene, and presence combined of both markers are associated with
ciprofloxacin resistance [21]. Interestingly, the considerably reduced ciprofloxacin suscepti-
bility did not exhibit these markers. This is because the efflux pump’s overexpression was
related to intermediate resistance [75], and the disc diffusion test did not adequately detect
reduced susceptibility to fluoroquinolones [76]. In only two strains, extended-spectrum
beta-lactam resistance was associated with three EBSLs genes (blaCTX-M-15, blaSHV-12,
blaSHV-134). Additional WGS allowed the detection of genes associated with additional
drug resistance as aminoglycoside, aminocoumarin, bacitracin, nitroimidazole, microcin,
lincosamide, bleomycin, fosfomycin, colistin, and multiclass.

A worrying trend is an increase in resistance to treatment antibiotics (extended-
spectrum cephalosporins and ciprofloxacin) for Salmonella. Despite them, our study
shows susceptibility to ciprofloxacin and third-generation cephalosporins, reported in other
works [21,22,24,66-68,73] without co-resistance to both antimicrobial classes. Whereby the
use of third-generation cephalosporins for treatment in S. Typhimurium infections would
be recommended.

WGS strategy allows monitoring and complementing the prediction of phenotypic
AMR profiles [23,73]. We found good accuracy values (prediction of true positives and
negatives) and specificity (the absence of known markers predicting true negatives). Com-
parable successful correlation values were reported, 99.0% [73], 97.8% [21], 95.4% [22],
89.9% [23], and 85.4% [69]. Nonetheless, we found the best sensitivity values to predict re-
sistance to only ceftazidime and ciprofloxacin and the highest discrepancy values to predict
resistance to beta-lactam, chloramphenicol, SXT, and nitrofurantoin. Previous work also
found discord in the prediction of resistance to beta-lactams [66,73], sulfamethoxazole [23],
ciprofloxacin [73] and tetracycline [66]. Due to the high number of contradictions between
genotype—phenotype compared with previous reports cannot conclude that this would be
an alternative method of predicting antimicrobial susceptibility.

Mismatch categories with a lower sensitivity, where an isolate is genotypically pre-
dicted to be susceptible but exhibits phenotypic resistance, highlights limitations based on
sequence quality [77], partial assemblies, lack of updated AMR database, and rely on the
prediction based only on the genome [12,78,79]. Continuous findings should be carried out
to identify novel resistance mechanisms and be incorporated into the reference databases
to maintain a high level of prediction sensitivity. Other inconsistent results support the
need for combined AST strategies, such as the microdilution test, an efficient method
with quantitative results [28]. This study also highlights the performance of the routine
antibiotic susceptibility test and works with a balanced number of phenotypic samples and
population representations [80].

The diversity of plasmid families carrying AMR genes in isolates belong to SC8 and
SC9 lineages and was detected in two hospital centres considered the focus of transmission
of antimicrobial resistance. WGS also allows identifying AMR genes commonly present on
plasmids, primary transmission resources, and related to the emergency lineages. Here,
we reported at least 17 resistant plasmid families, including conjugative and mobilisable
plasmids, with the potential threat of spreading AMR genes in NTS [14,22]. These resistance
plasmids belong to F, ColE, I1, C, HI1, HI2, and N families, such as a previous work of
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Salmonella isolates from food animals in the USA predicted 212 resistance plasmids [22].
In Peru, a conservative virulence plasmid (pSV) in S. Typhimurium [67] and MDR Mega
plasmid in S. Infantis [8] have been described. In Peru, S. Typhimurium isolates are
prevalent that contains the virulence plasmid (pSV) [67,81]. However, the absence of
plasmids in the phylogenetic group could be due to the competence with other AMR
plasmids or other genetic and environmental factors that modulate the residence [81].

Interestingly, the genotypic profile is linked to family plasmid in some lineages. For
example, two only strains contain replicon plasmid carrying ESBLs genes and unnamed
replicon plasmid P4 carrying beta-lactamases genes in lineage SC8. Lineages S8 and SC2
harbour PMQR genes in Col(pHAD28) plasmid. Col(pHAD28) plasmids related to fluoro-
quinolone resistance were reported [82]. MCR-1-carrying IncI2 and IncHI2 belong to the
SC9 lineage. These dominant mobilisable plasmids show colistin resistance [83,84]. Like-
wise, only a strain carries fosA3-carrying IncFIB plasmid. Previous studies have reported
antibiotic’s last line resistance as the fosA3 gene in AMR plasmids [85] and IncFIB plas-
mids [86,87]. Intriguingly, SC9 isolates harbour the IncHI2 plasmid that carries many AMR
genes. This plasmid is a dominant mobilisable detected among MDR Salmonella, playing a
role in the acquisition of ARGs, and has been reported recently encoding ESBLs [10,88-90].
Thus, active surveillance is needed to minimise the global spread of IncIA-I(Alpha), Incl-
gamma/K1, IncFIB, Incl2, and IncHI2 resistant plasmids link an SC9, SC8, and SC2 lineage.
MBDR strains were found mainly from the Hospital de Emergencias Pediatricas, and In-
stituto Nacional de Salud del Nifio. The previous report shows the presence of MDR
isolates from serovar Infantis in the Hospital de Emergencias Pediatricas [91]. Therefore,
antimicrobial screening routines should be implemented to mitigate the spread of these
healthcare-associated MDR strains in Peruvian hospitals.

GWAS analysis allows us to identify new non-synonymous mutations that can po-
tentially improve resistance fitness; however other resistance confirmation strategies are
necessary. We reported new SNVs in parC p.R360H, R365H gene, and sdiA p.K104Q) that
show destabilising effect protein with a possible impact on the protein function. Mutations
in gyrA-parC genes decrease the binding affinity of quinolones with DNA-topoisomerase
enzymes [92,93]. Efflux pumps are encoded in chromosomes and play intrinsic roles in
multi-drug resistant Gram-negative bacteria [25]. sdiA gene acts as a positive regulator of
the constitutive expression of the AcrAB-TolC pump system [94]. Nucleotide variations
in this regulator [25] act in high-level fluoroquinolone resistance and other antimicro-
bials [94,95]. Genetic variation targets could result in overexpression of these proteins.
For instance, SNVs in acrR regulator or multi-drug pump AcrAB were associated with
high-level fluoroquinolone resistance [94].

We found that considerable nitrofurantoin resistance could not be associated with
known AMR markers such as those previously reported [96]. This would happen because
the ARM databases have few AMR genes since the mechanisms of action of nitrofurans
are poorly studied [94]. Thereby, GWAS analysis identified eight non-synonymous substi-
tutions potentially associated with resistance to nitrofurantoin; six show the destabilising
effect protein. Genetic variation is within multi-drug efflux pump [97]; regulator purine
homeostasis and biosynthesis [98]; biotin ring assembly [99]; pathway LPS O-antigen
biosynthesis [100], and chemotactic-signal transducers added. However, we did not find
that the mutational effect on these functional mechanisms could confer nitrofurantoin
resistance. Likewise, these variants were present in the lineage SC13. To avoid spurious
associations, GWAS analysis using the population stratification covariate was performed
subsequently without associating any mutation to nitrofurantoin resistance. Hence, we
suggest that the maintenance of these combined mutations in phylogenetic group strains
would be fixed randomly and consequently could confer a resistance advantage.

5. Conclusions

Our work based on the WGS analysis has allowed us to understand the dynamics
and determinants of antimicrobial resistance distinguished by the population diversity
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for S. Typhimurium. However, due to low sensitivity values from genotype—phenotype
resistance correlation, it is still necessary to evaluate the use of WGS to predict AMR
susceptibility. We recommend the third-generation cephalosporin antibiotic as a potential
treatment against infection by S. Typhimurium. We can reinforce that WGS constitutes a
complement but not an alternative to traditional methods to infer antimicrobial suscep-
tibility, as a powerful tool that allows genome-based epidemiological study, monitoring
AMR genes, virulence, plasmid typing, outbreaks, understanding of resistance mechanism,
and transmission patterns. Pathogen genomic surveillance should be expanded globally
and continuously monitored for better treatment of Salmonellosis and control strategies
against the disseminating AMR. Future work should be based on better discordant predic-
tion due to the absence of AMR genes on resistance phenotypes, adding new resistance
mechanisms and improving the database’s reliability, replicating assay, large-scale samples,
and supplementary technical methods.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/antibiotics11091170/s1, Table S1: Epidemiological data, antimi-
crobial resistance profile, sequencing, typification, and genomic structure analysis from 90 Salmonella
Typhimurium strains; Table S2: Epidemiological data, ST, and BAPS analysis from 140 Salmonella
Typhimurium strains; Table S3: Genotypic and phenotypic resistance profiles of the 90 Salmonella
Typhimurium strains; Table S4: AMR genes and plasmids characterization using Mob_suite; Table S5:
Overview of known and new chromosomal mutations and phenotypic correspondence; Table S6: Top
20 ranked p-values from SNPs associated with nitrofurantoin resistance using Firth logistic regression;
Figure S1: Whole-genome Average Nucleotide Identity (ANI) and sequence type; Figure S2: Nu-
cleotide similarity and sequence type; Figure S3: Phylogenetic tree was generated using a maximum
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5.2 CaprituLo II- ARTIGO INTITULADO “ THE GENOMIC APPROACH OF ANTIMICROBIAL RESISTANCE OF
SALMONELLA TYPHIMURIUM ISOLATES FROM GUINEA PiGs, LiMA, PERU”.

Este artigo foi publicado no periddico Research in Microbiology (Fator de impacto: 3.99) em
Dezembro de 2022.

A Salmonella Typhimurium estd entre os patogenos causadores de doengas por
transmissdo alimentar e salmonelose nos porquinhos da india. A criagdo do
porquinho-da-india tem importancia nutricional e econdémica na regido andina, porém
apresentam um inadequado sistema de producao e os casos de Salmonelose causam uma alta
taxa de mortalidade dos mesmos O porquinho-da-india de criagdo atua como um potencial
reservatdrio e transmissor de linhagens multidroga resistentes que ameacam os tratamentos
com antibidticos ¢ a saude publica. Neste estudo, nos realizamos uma analise de enfoque
genomico para elucidar a diversidade e resisténcia antimicrobiana nos isolados procedentes de
porquinhos da india de criagdo e alimentos. A metodologia consistiu na (1) montagem e
tipificagdo das seis linhagens isoladas de porquinho-da-india de criacdo, (2) analise da
diversidade nucleotidica e genes, filogenia e estruturacdo populacional entre isolados de
porquinho-da-India de criagdo e alimentos, (3) caracterizagio ¢ mapeamento dos elementos
transponiveis (plasmideos, ilhas genomicas, fagos, sequencias de inser¢do) associados com a
resisténcia antimicrobiana (AMR) e viruléncia no genoma, (4) caracterizacdo de genes e
mutagdes associadas a resisténcia antimicrobiana, e (5) avaliacdo da relacdo filogenética e
diversidade dos plasmideos. Os resultados obtidos demonstraram que as 26 linhagens
pertenceram a sequéncia tipo ST19, classificadas em sua maioria como sorovar Typhimurium,
exceto para seis linhagens, denotadas como variante monofasica 4,[5],12:i:-. As linhagens
peruanas pertencem pelo menos trés filogrupos (HC50 9757, HC50 67422, HC100 9460) e
apresentam resisténcia antimicrobiana e viruléncia intrinseca pelo conteudo de 156 genes de
viruléncia distribuidas em pelo menos 13 ilhas de patogenicidade, 28 genes AMR no
cromossomo ¢ um plasmideo de viruléncia (IncFIB). Identificamos trés plasmideos
transmissiveis de resisténcia, Incl-gamma-K1, Incl1-I(alpha), and Col(pHAD28), detectados
previamente em casos clinicos e associados a genes AMR. Apresentamos unicamente trés
linhagens carregando plasmideos resistentes a aminoglicosideos (str4B, AaadAl), tetraciclina
(tetAB), sulfatrimetropim (drfA15, sull), acido nalidixico (gnrB4); e 11 linhagens carregando
a mutacdo no gyrd associados a moderada resisténcia a acido nalidixico. Assim, duas
linhagens carregam duas novas mutacdes ndo sindnimas que podem alterar a funcdo das

proteinas associadas a resisténcia a cefalosporina e fluoroquinolonas. Este estudo reporta
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ainda linhagens carregando plasmideos transmissiveis com uma reduzida resisténcia a
antibidticos da primeira linha, uma moderada resisténcia ao acido nalidixico associado a
mutagdes ndo sindnimas. Dessa forma, a estruturagdo e analise da diversidade e filogenia dos
elementos moveis nos permitem conhecer o perfil de genes AMR, mecanismos de

transmissdo e evolucao nas linhagens MDR.
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Salmonella Typhimurium is an important agent of foodborne diseases. In Peru, the emergence of
multidrug-resistant isolates of S. Typhimurium from the food chain could be linked to guinea pig farming
as a potential reservoir and their uncontrolled antibiotic treatment against salmonellosis. In this study,
we performed the sequencing, genomic diversity, and characterization of resistance elements trans-
mitted by isolates from farm and meat guinea pigs. The genomic diversity and antimicrobial resistance of
S. Typhimurium isolates were performed using nucleotide similarity, cgMLST, serotyping, phylogenomic
analyses, and characterization of resistance plasmids. We found at least four populations of isolates from
farm guinea pigs and four populations from meat guinea pigs without finding isolated transmission
Whole-genome sequencing between both resources. Genotypic resistance to antibiotics was observed in at least 50% of the isolates.
Genetic mobile elements Among the farm guinea pig isolates, ten were found to be resistant to nalidixic acid, and two isolates
SNPs exhibited multidrug resistance to aminoglycosides, tetracycline-fluoroquinolone (carrying strA-strB-tetA-
tetB genes and gyrA S83F mutation), or trimethoprim-sulfonamide (carrying AaadA1-drfA15-sull genes).
Additionally, two isolates from the meat source were resistant to fluoroquinolones (one of which had
enrofloxacin resistance). The transmissible resistance plasmids with insertion sequences (IS) such as Incl-
gamma-K1-ISE3-IS6, Incl1-I (alpha)-IS21-Tn10, and Col (pHAD28) were commonly found in isolates
belonging to the HC100-9757 cluster from both guinea pigs and human hosts. Altogether, our work
provides resistance determinants profiles and Salmonella sp. circulating lineages using WGS data that
can promote better sanitary control and adequate antimicrobial prescription.

© 2023 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.

Keywords:
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1. Introduction

Guinea pig (Cavia porcellus) is a rodent species traditionally
consumed in the Andean region, with a high nutritional value and
economic impact on the countries of this region. In a worldwide
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context, Peru has the central production system of guinea pigs for
human consumption. This system is predominantly familiar-
commercial with an increasingly intensive scale [1]. Guinea pig
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production has some limitations due to management and sanitary
conditions deficiencies, inducing salmonellosis cases, a frequent
disease associated mainly with the bacteria S. Typhimurium [1,2].
Furthermore, this infection affects guinea pigs' different systems
(e.g., respiratory, digestive, nervous, and reproductive), which leads
to a high morbidity and mortality rate [1] and turns this host into
Salmonella's transmission vector in the human food chain [3,4].

Salmonella Typhimurium is one the most important pathogens
causing foodborne disease and salmonellosis in animal husbandry
worldwide [5]. In Peru, the National Center of Epidemiology,
Prevention, and Disease Control critically reported 1,754,586
diarrheal cases between 2018 and 2019 and 495 foodborne out-
breaks between 2010 and 2021 [6,7]. Salmonella is the major
contributor to the outbreak associated with 31 of them, with
chicken and pork meat being the main food vehicle of trans-
mission [7]. In the last year, the monitoring of guinea pigs with
salmonellosis showed an incidence of 26% [1,8,9]. Few cases of
Salmonellosis in humans are related to guinea pigs, being that
seven cases were associated with consumed guinea pigs' meat
between 2006 and 2009 in the USA [8].

The World Health Organization (WHO) lists Salmonella as a
priority pathogen because of increasing multidrug resistance
(MDR) cases, mainly to current treatment antibiotics (third-gen-
eration cephalosporin and fluoroquinolone). For animal husbandry,
including guinea pigs, there is prophylactic consumption and
indiscriminate use of antibiotics to treat salmonellosis [1], which is
associated with the emergence of MDR strains and implies a risk to
public health.

Mobile genetic elements (MGE) such as plasmids can rapidly
disseminate antimicrobial resistance (AMR) traits through bacterial
populations. Reconstruction and typing plasmids may provide in-
sights into the spreading dynamics from livestock to humans [10].
Traditional epidemiological strategies such as microbiological,
serological, and molecular analyses allowed the detection of scarce
MDR lineages [11]. However, WGS-based specific strategies such as
cgMLST, SNPs, pan-genome, phylogenomic, and GWAS would allow
for the differentiation of closely related strains, detect outbreaks,
predict antimicrobial susceptibility, and discover new AMR mech-
anisms [12,13].

Despite the emergence of foodborne outbreaks involving Sal-
monella and the increased antimicrobial resistance, there is no
genomic tracking of the pathogen and antimicrobial resistance's
risk transmission in guinea pigs' production. Currently, molecular
and phenotypic strategies of S. Typhimurium isolates from guinea
pigs farm found high resistance to first-line treatment antibiotics
(chloramphenicol, tetracycline, sulfamethoxazole, nitrofurantoin,
enrofloxacin, and quinolones) [3,14]. Meanwhile, farm surveillance
worked with fewer representative source samples and traditional
strategies (PCR, antibiogram) with a unique study at the genomic
level. In this context, this study sequenced six novel genomes from
guinea pig farms and added 20 genomes from food and farm guinea
pigs to monitor and understand the genetic factors associated with
antimicrobial resistance and transmission among S. Typhimurium
isolates from guinea pigs.

2. Material and methods
2.1. Bacterial isolates

Six S. Typhimurium isolates were collected from guinea pigs
with salmonellosis in two farms, as part of project “Caracterizacion
del resistoma fecal en animales de produccién como amenaza po-
tential a la salud ptblica en Lima Metropolitana” in Lima, Peru. The
isolates were processed at the Laboratory of Biology and Molecular
Genetics, Faculty of Veterinary Medicine, Universidad Nacional
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Mayor de San Marcos. Organ fragments were aseptically trans-
ferred to peptone water and incubated at 37 °C for 18 h. Afterward,
the enriched cultures were transferred to Rappaport Vassiliadis
Soya (RSV) broth and incubated at 42 °C for 24 h. Then, an aliquot
was streaked in XLD (Xylose Lysine Deoxycholate) agar broth and
incubated at 37 °C for 24 h. The S. Typhimurium colonies were
confirmed by PCR reaction, according to Jamshidi [15]. The strains’
details are described in Table 1.

2.2. Whole genome sequencing, assembly, annotation, and typing

Genomic DNA extractions were performed using PureLink™
Genomic DNA Mini Kit (Invitrogen, Waltham, MA, USA). DNA
concentration was measured using Qubit dsDNA HS assay (Invi-
trogen). The genome sequence was performed on the Hiseq 2500
platform (Illumina, San Diego, CA, USA), and paired-end libraries
(2 x 150 bp) were prepared using the Truseq3 library. The raw
sequences were checked using FastQC v0.11.8 [16], and the trim-
ming of low-quality reads was performed through Trimmomatic
v.0.39 [17].

For all isolates' sequences, a de novo assembly was performed
using Unicycler v0.4.5 [18]. A hybrid assembly strategy was per-
formed for the strain SE7, as follows. The SE7's scaffolds construc-
tion was performed using ContiguatorF [19] GenomeFinisher v1.4
(http://gfinisher.sourceforge.net/index.php). Strain SE7 was used as
a Peruvian reference genome for subsequent analysis. The six ge-
nomes were submitted under the BioProject: PRJNA896238. For the
subsequent analyses, the annotation was performed using PROKKA
v1.11 [20]. Serovar identification was evaluated using SeqSero [21]
and sequence type (ST) classification using MLST (https://github.
com/tseemann/mlst).

2.3. Addition of 20 Salmonella Typhimurium genomes from food
and farm guinea pigs

We added 10 Salmonella Typhimurium genome sequences iso-
lated from two farm guinea pigs with salmonellosis from Lima,
Peru, under BioProject PRINA847586 obtained from NCBI. Other ten
Salmonella Typhimurium were obtained as paired raw sequences
isolated from guinea pigs’ meat from Ecuador and Peru obtained
from European Nucleotide Archive Database and included in the
following analysis (Table S1). For the last 10 samples, the assembly,
annotation, and typing were done following the method described
in session 2.2.

2.4. Diversity analysis

All the orthologous genes across the 26 S. Typhimurium ge-
nomes were predicted using Roary v3.12 [21] with default param-
eters. The principal component analysis (PCA) was performed using
the base R’ prcomp()' function to carry out the clustering of the
strains by the accessory gene content. The phylogenetic tree was
constructed based on the core genome using RAXML v8.2.12 [23]
with maximum likelihood method, GTR + Gamma model, 1000
bootstrap replicates and visualized using the ggtree package in R (R
Development Core Team, 2016). The core SNPs were obtained from
the variant calling for all the isolates against the reference SE7
strain using snippy (https://github.com/tseemann/snippy). The
nucleotide diversity between genomes was calculated using the
pairwise SNP distances from the core-genome alignment using
SNP-dists v0.6 (https://github.com/tseemann/snp-dists). We per-
formed hierarchical clustering (HC) approaches of core genome
MLST (cgMLST) using the EnteroBase [24].
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Table 1
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Epidemiological data, sequencing, genomic structure, and typing analyses from six Salmonella Typhimurium isolates from Peruvian Guinea Pigs.

Strain  Country  Source  Year Accession number Cov # Contigs  # Proteins  # of Plasmids  Serovar typing ST  H100
SE2 Peru Farm 2016  JAPDVP000000000 55.26x 4811853 74 4490 2 Typhimurium 19 9757
SE3 Peru Farm 2016  JAPDVO000000000 53.59x 4884534 72 4591 1 Typhimurium 19 9757
SE4 Peru Farm 2016  JAPDVNO00O00O0000 55.15x 5014965 75 4741 2 Typhimurium 19 9757
SE5 Peru Farm 2016  JAPDVMO000000000 5433x 4949980 76 4662 2 Typhimurium 19 9757
SE6 Peru Farm 2016  JAPDVL0O00000000 55.03x 4841031 73 4541 2 4,[5],12:i:- 19 9460
SE7 Peru Farm 2016  SUB12234903 (Biosample) 54.19x 4966101 2 4529 1 4,[5],12:i:- 19 9460
2.5. Prediction and characterization of mobilome in reference 3. Results

genomes

From the genomes we assembled, the plasmid contigs were
separated from chromosomal contigs using MOB-suite [25]. The
plasmids were annotated and classified by family and mobility
using MOB-suite and oriTFinder [26]. Thus, we chose to circularize
one reference sequence plasmid per family. Plasmid scaffolds’ gaps
were manually closed using consensus sequences generated by
mapping reads against the reference plasmids (CP081672.1,
CP016585.1, NZ_MK070495, NC_003277.2) using CLC Genomics
Workbench v7.0 (Qiagen, USA). We evaluated nucleotide variant
and phylogeny for each family plasmid following the steps and
parameters described in method session 2.4.

Furthermore, prophages and genomic islands (GIs) were pre-
dicted from chromosomal reference SE7 using PHASTER (https://
phaster.ca/) and islandViewer (https://www.pathogenomics.sfu.
ca/islandviewer/), respectively. Insertion sequences (ISs) were
predicted from reference chromosomes and plasmids using
ISEScan [27]. Subsequently, the MGEs were mapped and
compared at the nucleotide identity level against the other 25
strains using BRIG [28].

2.6. Identification of virulence and antimicrobial resistance genes

Antimicrobial resistance genes (ARGs) were predicted from
chromosomes and plasmids of all strains using Abricate (https://
github.com/tseemann/abricate) and CARD [29] database. The
virulence genes prediction was performed using the VFDB database
[30]. Minimum coverage and identity of 85% were used to identify
those genes.

Chromosomal point mutations associated with AMR were pre-
dicted using PoinFinder [31]. The ARGs were classified according to
resistance mechanisms and drug class using the CARD database and
manual curation [29]. The ARGs and virulence genes were mapped
on reference chromosomes and plasmids using BRIG to exhibit the
architecture and repertoire genes of each MGEs.

2.7. Effect of new single nucleotide variations in antibiotic
resistance proteins

ARGs sequences were extracted using Roary [22], followed by
sequence alignment with MAFFT v7.307 [32] to identify single
nucleotide variations (SNVs) in chromosomal ARGs. Then, SNP-sites
[33] was used for the variants calling from gene alignments.
Structure modeling of ARGs was performed and validated using the
Swiss Model homology server and Ramachandran plot. The 3D
structure was used to predict the stability of protein with an altered
amino acid using the Dynamute2 tool [34].

3.1. Diversity and phylogeny of S. Typhimurium isolate obtained
from guinea pigs

The six S. Typhimurium isolates from Peruvian guinea pigs had a
genome size between 4.81 and 5.01 Mb, with an average of 4607
proteins and one or two plasmids. The assembly quality has a mean
depth coverage of >53.59x. MLST typing classified all strains
belonging to ST19 (Table 1). For the following comparative analyses,
we added 20 genome isolates from guinea pigs’ farms and meat
(Table S1).

We worked at the hierarchical clustering levels 100 (HC100) and
50 (HC50) to observe differences between phylogroups. The HC100
level comprised three clusters: HC100_9757 (n = 14) contains farm
and meat samples from Peru and Ecuador. HC100_41507 contains
meat samples from Ecuador (n = 6). HC100_9460 contains Peruvian
samples from the farm (n = 4) and two samples from Ecuador and
meat. The HC50 level comprised seven distinct sub-clusters or
populations, and Peruvian isolates belong to the largest sub-
clusters H50_67422, H50_9757, and HC50_109907 following
HC50_61863 and Equatorian isolates belong to the largest cluster/
sub-cluster HC100_41507/HC50_41507 following sub-cluster
HC50_21802 and HC50_6907 (Fig. 1). Previously, the Peruvian
HC100_9757 and HC100_9460 clusters were identified within the
phylogenetic alpha clade to S. Typhimurium [35].

Genomic serotyping classified 19 isolates as serovar Typhimu-
rium belonging to clusters HC100_9757 and HC100_41507. The
other six isolates were classified as 4,[5],12:i:-, a monophasic
serovar Typhimurium variant belonging to the HC100_9460 cluster
(Fig. 1). The un-rooted phylogenetic tree is based on a core genome
containing five sub-clades; the three most differentiated sub-clades
correspond to three different HC100 clusters (Fig. 1). Some sub-
clades harbor isolates with the same country or source origin, but
they do not allow total discrimination. Four isolates from meat
sources are most closely related to the two clusters from farm
sources, FDA00011664 and FDAOO0O000688 isolates belong to
HC100_9757; FDA00011660 and FDA00000345 strains belong to
HC100_9460 cluster (Fig. 1); however, the strains belong to
different sub-clusters or populations.

The pan-genome analysis examined gene content diversity, and
the core genome was used as input data to analyze the phylogeny.
The pangenome has 5357 orthologous genes, 4205 core genes, and
1152 accessory genes. Core and accessory genomes constitute
78.49% and 21.50% of the repertoire genome, respectively. The
accessory heatmap and PCA analysis with 49.52% of the gene
repertoire distinguished the gene content in at least four groups,
corresponding to HC50_9757, HC50_67422, HC100_41507,
HC100_9460 (Fig. S1). The isolates from cluster HC100_41507 had
fewer accessory genes from food samples compared to the
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Fig. 1. The phylogenetic tree was generated using the ML method, 1000 replicates, and the GTR + GAMMA model to estimate the evolutionary divergence between 26 S.
Typhimurium isolates from the farm guinea pigs and guinea pigs' meat. The heatmap shows the presence and absence of antimicrobial resistance chromosomal mutation and genes
and plasmids for each isolate. Country, serovar, sources, and HC cluster were shown in the heatmap. HC100_9460 cluster strains were classified as serovar 4,[5],12:i:-. The
HC100_9757 (FDA00011664 and FDA00000688) and HC100_9460 (FDA00011660 and FDA00000345) cluster strains from meat sources were the most closely related to isolates
from farm sources. FDA00011664, FDA0O0000688, FDA00011660, and FDA00000345 isolates from meat sources belong to the major HC100_9757 and HC100_9460 clusters but

distinct sub-cluster or populations from farm sources.

H50_67422 sub-cluster and STc12 and STc10 strains (HC100_9757
cluster). The closest and largest sub-cluster and cluster distances
were HC50_674222 (2—14 SNPs differences) and HC50_9757 (3—92
SNPs) from the HC100_9757 cluster; HC50_109907 (4—14 SNPs)
from HC100_9460 cluster and HC100_41507 (1—53 SNPs) (Fig. S2).

3.2. Nucleotide similarity and mobile genetic elements shared
between Salmonella Typhimurium strain SE7 and the others

Mobile genetic elements in SE7 chromosome were character-
ized by virulence, resistance, and phage content and compared
with the chromosomes from the other 25 strains (Fig. 2). The
comparison allowed us to identify shared and unique MGEs to
distinct resistance and virulence regions and their possible trans-

mission mechanism.

All strains share 18 genomic islands (GIs) and 156 virulence
genes, which evidence the conservation of these MGEs and viru-
lence in S. Typhimurium isolates. The 13 Salmonella pathogenicity

islands (SPIs) and three phages carrying virulence genes were

characterized (Fig. 2). Among these, there are islands containing
operons involved with membrane-associated type IIl secretion
system (T3SS) (SPI1), intracellular survival (SPI2), intra-
phagosomal survival and adhesion (SPI3), membrane ruffling and
invasion (SPI5), T4SS secretion systems (SPI6), virulence and
adhesion (SPI9), and cytoskeleton rearrangement (SPI12). Also,
three SPIs contained the operons fimbriae/pili fimAICDHFZYW,
csgABCDEFG, and IpfABCDE (Table S3, Table S4).

We found seven prophages in all strains, including intact
(Gifsy2, Gifsy1), questionable (Fels-1, Cronob_ESSI/®SE7-6), and
incomplete (Cronob_vB/®SE7-1, Escher_500465/®SE7-4, Burkho_-
phiE255/®SE7-7) prophages (Fig. 2). The description of the pro-
phages can be found in Table S4. Nucleotide similarity shows that
the virulence prophage Cronob_ESSI is absent in the isolates from
the HC100_9757 cluster. In addition, the adherence gene shdA was
only present in strains SE3, STc10, and FDA00003743 (Table S3).
Also, we identified twenty-seven ISs belonging to families IS3,
ISNCY, 1S200/1S605, 1S21, 1S66, 1S256, 1S630, IS5, and newlIS con-
tained mostly in prophages and GElIs (Fig. 2).
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HC100_9460 (green), HC100_9757 (orange), and HC100_41507 (blue). Exceptionally, nucleotide similarity shows the prophage region Cronob_ESSI not shared by all strains.

We characterized all the virulence and resistance plasmids and
compared them to one plasmid reference for each plasmid family.
Thus, we mapped the genes of interest on the reference plasmids
p1-IncFIB-SE7, p2-ColRNAI-SE6, p2-Incl-gamma-K1-SE5, p2-Incl1-
(alpha)-SMVET22, and p2-Col (pHAD28)-SE2. All the plasmids were
mobilizable or conjugative; the three last plasmid families were
present in isolates SE5, SMVET22, and SE2 belonging to the HC100-
9757 cluster and carrying ARGs. All strains except FDA00003743
had a virulence plasmid belonging to the IncFIB family (Fig. S3), a
prevalent plasmid found in the serovar Typhimurium. This plasmid
shows a conservative region harboring pefABCD, spvBCD operon,
mig-5, and rck genes associated with virulence without carrying
resistance genes. This plasmid also harbored the type IV pilus genes
involved in their conjugative transference. In addition, 43 SNPs
were found between the 25 IncFIB plasmids, which include 21
missense variants, 11 synonymous variants, two-stop gains, and

non-coding. There are between 1 and 18 SNPs differences between
HC100 intra-cluster plasmids (Fig. S4). Phylogenetic tree and
nucleotide diversity based on 25 IncFIB plasmids show similar tree
topology and divergence based on the core genome (Fig. S5).

3.3. Genotype profile of AMR acquired genes in plasmids and point
chromosomal mutation

The antimicrobial resistance genotypic profile of the 26 isolates
shows the presence and drug classification of 36 different ARGs, of
which 28 were chromosomal, and eight were acquired genes
(Table S2). Chromosomal ARGs were associated with resistance to
aminoglycoside and/or aminocoumarin (AAC(6')-laa, acrD, kdpE,
mdtB, mdtC, baeR, cpxA), fluoroquinolone (emrABR, mdtK, gyrA), and
nitroimidazole (msbA). Others were beta-lactamase (ompH, ompA)
and multiclass (acrB, golS, marA, mdsA, mdsB, mdsC, CRP, acrA, acrE,
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acrF, H-NS, sdiA, tolC, yojl). The gene ampH associated with beta-
lactam resistance was found in 50% of strains (Table S3).

Mobile genetic elements are associated with the antimicrobial
resistance transmissible in bacteria. Eight acquired plasmid car-
rying ARGs were observed in only three strains with the potential
for resistance transmission. Four isolates contained a small mobi-
lizable ColRNAI plasmid carrying mobilization genes (mbeA and
mbeC) and fewer ARGs (Fig. 3A). Seven strains carry the conjugative
Incl-gamma-K1 plasmid of 97,882 bp of size and content type IV
pilus genes (Fig. 3B). Only the plasmid p2-Incl-gamma-K1-SE5
included a region with ARGs encoding resistance against amino-
glycosides (strA, strB) and tetracyclines (tetA and tetR) (Fig. 3B). It
was also identified that the IS3 and IS6 families flanking the ARGs.
This plasmid presented 2627 SNPs of 97,882 bp with a mutation
rate of 2.68% (Fig. S6), including 1003 missense_variant, 1240

synonymous_variant, and 4 start_lost and
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splice_region_variant&stop_retained_variant. The phylogenetic
tree among the seven Incl-gamma-K1 plasmids shows major
phylogenetic distance to p2-Incl-gamma-K1-SE5 (1535 SNPs dif-
ferences) and p2-Incl-gamma-K1-FDA0O0000345 (1111 SNPs dif-
ferences) (Fig. S7).

A unique conjugative p2-Incl1-I (alpha)-SMVET22 plasmid of
101,676 bp was found in the SMVET22 strain carrying type IV pilus
genes. This plasmid harbors ARGs encoding resistance against
aminoglycosides (ANT(3”)-lia), trimethoprim, and sulfonamide
(dfrA15 and sull) (Fig. 3C) and is proximate to IS21 and Tn10 sites. A
unique small mobilizable p2-Col (pHAD28)-SE2 plasmid of 2699 bp
is found in the SE2 strain carrying the gnrB4 gene that encodes
fluoroquinolone resistance (Fig. 3D). Likewise, we identified
different plasmids profile per cluster; in strains belonging to the
HC100_9757 cluster, Incl-gamma-K1, Incl1-I (alpha), and Col
(pHAD?28) plasmids were found; in the HC100_9460 cluster strains

C

100 kbp

T2l
o~

dfrALS_
ANT(3")-la—

p2-Incl1-1(Alpha)-SMVET22
101676 bp

sull—

1s21— |

s/
Tl orf169_FISNCY_220

hypothetical protein,

N =

2600 bp

200 bp N

./ 2200 bp

p2-Col(pHAD28)-SE2

- 2000.8p 2699 bp

\, 1800 bp

\_ 1600 bp

1200bp -
. 1400bp P

anre4.

Fig. 3. A. Genome comparison of ColRNAI family plasmid. Three ColRNAI plasmid sequences were aligned to the reference p2-ColRNAI-SE6 plasmid. B. Genome comparison and
repertoire genes of Incl-gamma-K1 family plasmid. Six conjugative Incl-gamma-K1 plasmid sequences were aligned to the reference p2-Incl-gamma-K1-SE5 plasmid. C. Genome
structure of a unique Incl1-I (alpha) plasmid of SMVET22 strain. D. Genome structure of a unique Col (pHAD28) plasmid of SE2 strain. The intensity of ring colors represents
nucleotide similarity. The outermost arch indicates the location of T4SS genes (yellow), ARGs (red), insertion sequences (green), and virulence genes (purple).
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presented commonly colRNAi, and in the case of HC100_41507
cluster strains did not present resistance plasmids.

Condition environmental and/or mutation could influence
changes in the expression of chromosomal ARGs. As a result, we
detected four different chromosomal mutations in the gyrA gene
associated with fluoroquinolone resistance in 11 isolates. Nine
isolates belong to the cluster HC100_9757 (n = 8) and
HC100_41507 (n = 1) and present the most common mutation at
codon 83 in the gyrA gene (S83F). Also, we detect the FDA0O0000345
(HC100_9460) strain carrying two mutations in gyrA p.S83Y and
p.D87E associated with resistance ciprofloxacin/enrofloxacin; and
STc8 (HC100_9757) isolate harbor mutation in gyrA p.D87N (Fig. 1).

Ten novel nonsynonymous SNVs were predicted in six AMR
chromosomal genes (Table S5). In one isolate, two novel mutations
were found in acrE2 (G299D) and acrF (G929D); both genes were
related to cephalosporin, carbapenem, and fluoroquinolone resis-
tance. Also, novel mutations were found in mtdB, mdtC, mdtK,
aac(6")-laa contented by HC100 cluster lineages (Table S5).

3.4. Prediction of the effects of novel SNVs in antimicrobial
resistance core genes

We evaluated the effect of the ten novel SNVs found on chro-
mosomal ARGs based on their location within protein domains and
alteration of protein thermodynamic stability. We focus on the
nonsynonymous SNVs that could significantly alter the folding free
energy, decrease the stability and affect the function of the native
protein. First, we confirmed that five SNVs were found in domains
of AcrE, AcrF, MdtC, and MdtK proteins (Table S5). However, we
considered only two SNVs in the acrE and acreF genes due to their
presence within the protein domain and causing destabilizing
effects.

4. Discussion

The emergence of multidrug-resistant S. Typhimurium is a
threat to treatments of salmonellosis in guinea pigs' husbandry, and
these hosts are potential zoonotic reservoirs. Our study performed
genomic surveillance to monitor lineages and antimicrobial resis-
tance determinants circulating in isolates from guinea pig
production.

4.1. Three major Peruvian populations associated with isolates from
farm sources

S. Typhimurium isolates were classified as sequence type 19, the
most frequent ST belonging to the serovar Typhimurium in clinical
cases [12] and farm guinea pigs [35] in Peru. We reported range
differences of 174—740 SNPs between the Peruvian HC100 cluster. A
minor range of SNPs differences was reported in ten isolates of
guinea pigs farm isolates included in our study [35]. Pan-genome
analysis of large S. Typhimurium datasets from clinical and diverse
host isolates showed a higher number of orthologous genes
(n=7462, 8,849, 6988) and fewer core genes (n = 3,181, 3,862, 4186)
[12,36,37] compared to gene variability of 26 guinea pigs’ isolates.

Serotyping classified six isolates from meat and farm origin as the
monophasic variant Typhimurium. It is associated with the absence
or deletion of the flagellin genes (fljA and fljB) [38]. Isolates of Sal-
monella Typhimurium variant 4,[5],12:i:- were a successful global
pathogen associated with foodborne outbreaks and linked to MGEs
accumulation without impairment of bacterial fitness [39]. Isolates of
this variant belong to the HC100_9460 cluster, with fewer ARGs and
MGE:s diversity with the presence of Cronob_ESSI2 virulent phage.

This study reported three main clade-cluster/sub-cluster
(H50_67422, H50_9757, and HC100_9460/HC50_109967) with
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nucleotides and gene differentiation circulating in isolates from
farm guinea pigs in Peru. These populations belong to the most
genetically diverse o clade with isolates related to epidemics and
transmission of AMR [37]. Previously, molecular and phenotypic
studies identified resistant S. Typhimurium isolates belonging to at
least a unique or seven populations circulating in farms guinea pigs
in Lima [3,14]. Current population structure and HierCC-cgMLST
analyses of primarily clinical samples identified ten lineages [12]
and two HC100 clusters from farm guinea pigs samples in Peru [35].

The effective vector transmission of Salmonella to humans is
recurrently reported between foods from intensive farming
(poultry, pigs, cattle) and humans’ outbreak [5]. The foodborne
illness outbreaks were typically associated with dominant multi-
drug clones like DT104, ST34, and ST313 linked to MGEs carrying
ARGs [40,41]. Although four samples from the food source belong to
the largest clades (HC100_9757 and HC100_9460), they belong to
other sub-cluster or populations, so we still cannot define the
transmission route for breeding and meat consumption of guinea
pigs, which requires large and representative data.

4.2. Resistance and virulence in Salmonella Typhimurium isolated
from guinea pigs

Thirteen SPIs are responsible for the invasion, survival, and
establishment of systemic infection were predicted in all isolates
and annotated according to Kombade and Kaur [42]. The 155
virulence genes were present in all isolates except the gene sdhA,
present in only three strains. Previously, SPIs were not exclusively
found in isolates causing salmonellosis in guinea pigs [35]. As a
result, we did not find a differential content of genomic and path-
ogenic islands between isolates of guinea pigs with Salmonellosis.

Bacteriophages constitute a significant part of the accessory
genome and allow distinct pathovariants and lineages within
serovar Typhimurium. Of seven prophages reported Gifsy 1, Gifsy2,
and Fels-1 are virulent and were involved in the intracellular sur-
vival of S. Typhimurium [35,37,43]. Cronobacter sakazakii phage
ESSI-2 (®SE7-6) was detected mostly in HC100_9460 and
HC100_41507 cluster strains, considered a virulent phage
belonging to the family Myoviridae [44]. Unlike the high diversity
Salmonella based on phages, this reduced number would be due to
comparison based on a reference strain.

MGEs carrying ISs could mobilize and act in bacterial adaptation
as resistance, virulence, and catabolism. Eight SPIs and virulent
prophages were detected carrying the 1S21, IS66, 1S630, 1S256, and
frequently IS3. IS256 family members are known to modulate
virulence in Gram-positive bacteria [45]. Insertion sequences [1S21
and IS630 integrated into Gifsy1 could degrade or resuscitate pro-
phages [43].

Likewise, we identified a large number (n = 28) of intrinsic ARGs
in which environmental conditions would modulate their expres-
sion. Intriguingly, most ARGs encoded efflux pumps are associated
with resistance to multiclass antibiotics following fluoroquinolone
and beta-lactam resistance. The gene ampH was found in 50% of
strains without domain mutations and was previously reported in
Peruvian clinical strains [12]. AmpH is a penicillin-binding protein
(PBP). Mutations in a PBP gene decrease protein affinity and low
susceptibility for B-lactams in S. Typhimurium [46]. The conserva-
tive number of ARGs to NTS and Typhimurium strains so far shows
their intrinsic resistance [47].

4.3. The presence of family plasmids and their SNPs and genes
content could be a sign of resistance, origin source, and spread

The IncFIB virulence plasmid carrying the spvBCD and pefABCD
operons was shared by 96% of isolates from guinea pigs. This
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conserved plasmid is present mainly in serovar Typhimurium, in
guinea pigs, and in clinical samples in Peru [12,35]. Furthermore,
we emphasize 43 SNPs between the 24 IncFIB plasmids, including
21 missense variants that could act over virulence genes. In this
way, IncFIB plasmid sequences allowed phylogenetic and nucleo-
tide diversity distinction.

Also, we reported a high nucleotide variability in the Incl-
gamma-K1 plasmid with an SNPs rate of 2.68%; these variants
were presented in 45 CDSs but not in ARGs. Thus, increased
missense variants could alter the function and offer a fitness cost.
Few studies have performed in-depth analyses; a large dataset of
the plasmids of Chlamydia trachomatis strains reveals a high SNPs
rate of 2.97% in CDSs. However, these events could not be supported
functionally or associated with dominant clones; additional eval-
uation should be considered [48]. The p2-Incl-gamma-K1-SE5
resistance plasmid is phylogenetically distant and could be sub-
mitted to evolutionary pressure distinctively. Unpublished data of
phylogenetic analysis of Incl1-I (alpha), Inc1-gamma-K1, and col
(pHAD28) plasmids showed a closer relationship among resistant
plasmids from guinea pigs and human hosts.

4.4. Reported a reduced resistance to first-line antibiotics mediated
by plasmids and moderate nalidixic acid resistance by chromosomal
mutations in S. Typhimurium isolates from guinea pigs in Peru

Between 2003 and 2007, Latin American countries reported 25
Salmonella outbreaks linked to animal-based foods and related to
resistance to several antibiotics [4]. The consequent indiscriminate
use of antibiotics as prophylactic and therapeutics in animal pro-
duction, including guinea pigs, are a potential risk to antimicrobial
resistance transmission and a threat to public health [49]. Salmo-
nella isolates from farm guinea pigs show phenotypically high
resistance to nitrofurantoin, erythromycin or sulfamethoxazole,
enrofloxacin, and moderate resistance to amoxicillin, ciprofloxacin,
and chloramphenicol [3,14]. We detected three transmissible
family plasmids Incl1-I (alpha), Inc1-gamma-K1, col (pHAD28). In
Peru, these plasmid families were previously reported in S. Typhi-
murium isolates from guinea pigs and human hosts [12,35].

Genotypically, we reported 11 (42.3%) S. Typhimurium associ-
ated with nalidixic acid resistance, one isolate resistant to cipro-
floxacin/enrofloxacin, and two MDR strains to aminoglycoside,
tetracycline, and nalidixic acid or trimethoprim-sulfamethoxazole
and aminoglycoside. Thus, compared to livestock and clinical
samples, we present a reduced resistance genotypic profile to the
first-line antibiotic of S. Typhimurium isolates from guinea pig
hosts.

We reported a reduced resistance to the first-line antibiotic and
high resistance to ciprofloxacin compared to small datasets of
Salmonella isolates from farm guinea pigs and moderate MDR (12%)
in large datasets from clinical isolates in Peru [12]. In Latin America,
the USA, and England, NTS and S. Typhimurium strains of large
datasets from foods and clinical cases showed a significant number
(24.3%—43.0%) of MDR strains, including resistance to nalidixic
acid, tetracycline, ampicillin, trimethoprim-sulfamethoxazole,
streptomycin, chloramphenicol, and ciprofloxacin (in some cases)
[5,50,51].

In the present work, we related three resistance transmissible
elements that potentially would increase ARGs spread. We found
the p2-Incl1-I (alpha)-SMVET22 linked to Tn21 carrying ARGs to
aminoglycoside (aadA1) and trimethoprim-sulfamethoxazole (dfrA,
sull), already reported by Carhuaricra [35]. Tn21 and IncI1 families
are strongly mobilizing ARGs [52], such as spectrum-extended f-
lactamases (ESBLs) linked to IncI1-I (alpha) carried in S. Typhimu-
rium from clinical samples [9]. Interestingly, the p2-Incl-gamma-
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K1-SE5 conjugative plasmid linked to ISE3 carries ARGs against
aminoglycoside (strA, strB) and tetracycline (tetA and tetR). The Incl-
gamma-K1 plasmid harbored a wide range of ARGs, and ESBL genes
[53] and was associated with chloramphenicol and trimethoprim
[9], but did not carry ARGs in isolates from guinea pig [35].

Fluoroquinolone resistance was associated with mutations in
gyrA S83Y, D87E, D87N, and gnrB4 gene carried in the Col
(pHAD28)-SE2 plasmid. Previously, like genotypic profile was
associated with nalidixic acid and ciprofloxacin resistance in S.
Typhimurium isolates [12,51,54]. Additionally, we reported two
new SNVs in MDR efflux pumps related to cephalosporin and flu-
oroquinolone resistance. Previously, new SNVs in AMR chromo-
somal genes were reported to be associated with resistance in
multidrug and fluoroquinolone [12].

The demand for guinea pigs is growing and becoming wide-
spread, with a high protein and economic value for the Andean
countries. Hence, it is one of few genomic surveillance of antimi-
crobial resistance in isolates of S. Typhimurium from guinea pigs in
South America. Thus, this study elucidated resistance mechanisms,
plasmids’ evolution, and the structure of a critical foodborne
pathogen. Nonetheless, we still could not define if isolates from
meat and farm come from the same contamination source, which
would require large and representative data pointing transmission
route of S. Typhimurium. Furthermore, due to reduced genomic
surveillance of foodborne pathogens in Peru, continuous moni-
toring of the most critical Salmonella serovar Infantis, Enteritidis,
and Typhimurium from foodborne is needed to monitor outbreaks
and potential reservoirs.
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6 DISCUSSOES GERAIS

6.1 CariTurLo 1

Recebemos a sequéncia de reads de 108 isolados de S. Typhimurium, 90 delas
apresentaram uma média de cobertura de profundidade > 20x. O projeto provém de uma
colaboragdo para o sequenciamento de larga escala do genomas de Salmonella, no qual se
obteria uma cobertura em média de 30x, e se considerou sequenciamentos com uma cobertura
acima de 10x. Por este motivo, na comparacdo manual usando linhagens referéncia, nao
apresentaram uma total cobertura horizontal, sendo possivel que existam genes e regides
plasmidiais perdidos. Porém na avaliagdo da completude da montagem com a deteccdo de
genes conservados nos procariotos, usando a ferramenta BUSCO e checkm se detectou alguns
genes faltantes e fragmentados e em média uma adequada completude >99.62%.

A partir dos dados obtidos neste capitulo, observamos que existe uma ampla
diversidade de linhagens de S. Typhimurium circulando no Peru, uma vez que foram
identificadas nos maiores e diversos referenciais clados alfa e beta. Além disso, detectamos
pelo menos 10 populagdes diferenciadas pelo conteudo dos genes acessorios e filogenia.
Nenhuma linhagem global pertence aos filogrupos do Peru, assim, seria necessario um
nimero maior de amostras representativas para confirmar transmissdes globais. No entanto, ¢
interessante destacar que existem duas populacdes clonais no Peru, que ndo possuem genes
AMR e que se espalharam entre os anos 2000-2001 e 2005-2006, e populagdes MDR isoladas
a partir de 2015. Ressaltamos entdo, que tal fendmeno pode ser confirmado através da
filogenia tempordria, e se requer a deteccao dos fatores genéticos que ajudaram no processo
de selecao e disseminacao.

Outro ponto importante deste Capitulo foi que caracterizamos uma variedade de
familias de plasmideos conhecidos (IncHI2A, Incl1-I(Alpha), Col(pHAD28), Incl-gamma/k1)
associados a resisténcia antimicrobiana, ndo analisamos relacionados a viruléncia, e varios
plasmideos ndo foram tipificados pela auséncia de regides de sequéncia. O sucesso de
linhagens (SC8, SC9, SC2) carregando um mosaico de plasmideos permite-nos questionar sua
permanéncia, competéncia, fitness e transmissdo. Nao foi possivel relacionar totalmente a
familia de plasmideos a perfis de genes AMR. Além disso, recomenda-se realizar a filogenia
de plasmideos e identificagdo dos elementos transponiveis que atuam em conjunto para uma

melhor compreensdao da origem, relagdo e transmissdo da resisténcia antimicrobiana. Duas
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instituicdes hospitalares seriam focos de disseminacdo das linhagens multidrogas resistentes,
pelo qual se recomenda uma vigilancia e controle dos locais.

Baixos valores de sensibilidade na correspondéncia genotipo-fendtipo da resisténcia,
ndo permitem recomendar o uso do genoma como um sistema da predicdo da resisténcia
antimicrobiana. Dessa forma, observamos que isolados geneticamente susceptiveis exibem
resisténcia fenotipica. A falta de detec¢do de marcadores AMR poderia se explicar pela
qualidade do sequenciamento e uma parcial montagem em amplitude. Outros fatores
associados seriam as incompletas bases de dados, devido ao desconhecimento dos
mecanismos moleculares envolvidos na interagdo com o antibiotico (ex. nitrofurantoina); e a
auséncia da abordagem de outras Omicas, como a atuagdo dos sinais ambientais sob a
expressdo génica de genes intrinsecos de AMR. Neste trabalho, ndo analisamos se o grande
numero de mutagdes estava localizado em regides promotoras ou reguladoras e que poderiam
também modular a resisténcia antimicrobiana. A predi¢ao da susceptibilidade antimicrobiana,
usando a técnica de microdiluicdo e um nimero representativo de fendtipos e populagdes
deveria se considerar para uma melhor compreensao da correspondéncia genotipo-fendtipo.

A resisténcia a nitrofurantoina apresenta uma tendéncia a diminuir nos anos seguintes
e ndo foi associada a genotipos conhecidos, assim com o andlises de GWAS se identificou
oito novos SNVs com potencial de alterar a fun¢do proteica. Um conjunto de mutacdes
podem afetar funcionalmente, porém elas também sao encontradas em linhagens com fenotipo
suscetivel, pertencentes a mesma populacdo. Questdes como o porqué substitui¢des nao
sindbnimas com potencial de alterar a funcao proteica foram fixadas na populagdo por selecao
positiva ou ndo. Adicionais resultados ndo mostrados revelam que SNVs ndo sindnimos,
associadas a linhagens pertencentes a uma mesma populacdo, possuem resisténcia ao acido

nalidixico, amoxicilina com acido clavulanico e tetraciclina.

6.2 Carituro 11

No6s reportamos pelo menos trés populagdes, pela diferenciagdo de SNVs, genes
accesorios, filogenia e cgMLST, circulando entre os isolados peruanos do porquinho-da-india,
pertencendo ao clado alfa que esta representado por isolados de animais de criagdo, surtos e
estdo sob sele¢do antropogénica. O cluster HC100 9757 apresenta o maior nimero de
linhagens resistentes a antimicrobianos, e linhagens do cluster HC100 9460 sao classificadas

como variante monofésica e carregam um fago de viruléncia; porém as populagdes coexistem
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sem uma aparente prevaléncia entres elas. A andlise filogenética ndo conseguiu relacionar
isolados de amostras clinicas e alimentos contaminados ou/e AMR, nem confirmar se as
mesmas populagdes estdo circulando entre porquinhos da india originados de criacdo e
alimentos, sendo necessario um maior numero de representantes populacionais, hospedeiros e
locais.

Outro ponto importante deste capitulo ¢ que identificamos no cromossomo das
linhagens, 14 ilhas de patogenicidade (SPI1, 2, 3, 5, 6, 9, 12, e 3 operons fimbriais), trés fagos
de viruléncia (Gifsy 1, Gifsy2, Fels-1 ) e um plasmideo de viruléncia (IncFIB), que sdo
conhecidos para o género e sorovar Salmonella Typhimurium, mostrando a viruléncia de
natureza intrinseca nas linhagens procedentes do porquinho-da-india de criacio, alimentos e
humanos. Além disso, ndo foram identificados diferencias elementos genéticos modveis de
viruléncia nas linhagens pertencentes aos clado-cluster procedentes de porquinhos-da-indias
de criagdo. A presenga de ISs em SPIs e fagos poderia indicar o potencial de transferéncia e
acdo moduladora das ISs nos elementos moéveis de viruléncia.

Outro ponto a ser ressaltado ¢ que ndo conseguimos conferir a variabilidade no
conteudo dos fagos devido a que as comparagdes foram baseadas em uma referéncia
gendmica e porque nao contamos com uma quantidade e diversidade de isolados. Além disso,
0 pangenoma mostrou um reduzido conteudo de genes repertdrios. Apenas um fago de
viruléncia esteve presente em dois grupos populacionais, provavelmente submetidos a sele¢do
e a populacao reduzida.

A presenca do gene de viruléncia, sdhA, esteve na ilha gendmica de apenas trés
linhagens, sem avaliagdo e associacdo funcional. No caso do gene ampH, encontramos 50%
das linhagens pertencentes a duas populagdes e ndo confirmamos ser carregado em uma ilha
genomica. Algumas mutagdes presentes no seu dominio PBP estdo associadas a resisténcia a
betalactamicos porém detectamos apenas duas mutagdes sindnimas no dominio, sem
adicionais analises funcionais.

O plasmideo de viruléncia IncFIB ¢ comumente presente e conservado nos isolados de
S. Typhimurium. Nos 25 plasmideos, encontramos 43 SNPs, com 99.95% da sequéncia
compartilhada. A arvore mostra uma similar distribuicao topologica que a filogenia baseada
no genoma central, o que indica uma coevolucdo do plasmideo e do cromossomo. Porém o
core genoma permite mostrar uma ampla diversidade entre as linhagens.

Por sua vez, identificamos quatro plasmideos da familia Incl-gamma-K1, mas o

plasmideo da linhagem SES5 unicamente contém genes AMR, apresentando 2.627 SNPs de
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diferenca dos outros plasmideos com uma taxa mutacional de 2.68%. Algumas das variantes
estavam contidas em 45 CDs e 1.003 SNPs eram substituigdes ndo sindnimas, porém nao se
consegue interpretar o efeito fitness. Contudo, a analise adicional de filogenia mostra uma
estreita relacdo com outros plasmideos de resisténcia da mesma familia e procedentes das
linhagens humanas.

Reportamos ainda uma reduzida resisténcia a antibidticos de primeira linha e
moderada resisténcia ao acido nalidixico. Em um estudo recente fenotipico nos isolados do
porquinho-da-India mostrou uma alta resisténcia aos mesmos antibidticos de primeira linha
que reportamos e incluindo resisténcia a enrofloxacino, nitrofurantoina e colistina. Porém nao
foi possivel reportar marcadores genéticos associados a estes antibidticos devido a falta de
conhecimento dos mecanismos envolvidos e genes AMR nas bases de dados. Detectamos
somente duas linhagens com perfil de resisténcia a classe de antibioticos da primeira linha,
diferentes perfis de genes para as mesmas classes de antibidticos € reportada em isolados de S.
Typhimurium de animais domésticos, humanos e alimentos. Diferente perfil de genes pode ser
carregado na mesma familia de plasmideos e sdo ajudados sinergicamente pelas sequéncias de
insercdo na transmissao da resisténcia. Reportamos trés familias conhecidas de plasmideos
associados com a resisténcia, reportados em isolados de Salmonella ao redor do mundo e
Peru. A moderada resisténcia ao acido nalidixico se deveria ao seu uso profilatico e ndo
controlado nos animais de producdo. A resisténcia a este antibidtico esta associada a mutagdes
no gyrd, porém uma acumulacdo das mutacdes nos genes gndr poderia incrementar a
resisténcia a fluoroquinolonas (enrofloxacina, ciprofloxacino), antibidticos de tratamento
atual. Finalmente, apresentamos duas novas mutacdes associadas a cefalosporina e
fluoroquinolone, porém ¢ necessario um maior nimero de amostras contendo a mutagio e

avaliacdo fenotipica.
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7 CONCLUSOES

1. Identificamos quatro familias de plasmideos de resisténcia associado a linhagens
de grupos populacionais especificos como veiculos de transmissdo da resisténcia
antimicrobiana em isolados de S. Typhimurium de amostras clinicas e veterinarias no
Peru.

2. Identificamos a nivel genotipico uma reduzida resisténcia a antibioticos de
primeira linha (aminoglicosideos, tetraciclina, ampicilina, sulfa-trimetropim ou
nitrofurantoina) nos isolados de cobaias ¢ moderada resisténcia antimicrobiana para
isolados clinicos do Peru. Recomenda-se o potencial tratamento com o antibidtico
cefalosporina de terceira geragdo contra a infecgao.

3. Ao menos para S. Typhimurium, o uso do WGS para a predigdo da resisténcia
antimicrobiana ndo constitui uma alternativa do teste de susceptibilidade tradicional,
devido aos baixos valores de sensibilidade obtidos da correspondéncia genotipo-fendtipo,
mas constitui uma analise complementar.

4. A linhagens de S. Typhimurium que circulam entre Peru e Equador, nem as
amostras isoladas de porquinho-da-india de fazenda e de carne pertencem aos mesmos

grupos filogenéticos.
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8 PERSPECTIVAS

- Realizar testes de susceptibilidade antimicrobiana de microdilui¢do dos isolados de
amostras clinicas e porquinho-da-india, na procura de uma melhor predi¢io do gradiente
de resisténcia antimicrobiana.

- Coletar amostras de centros de criagdo da cidade de Ancash que tem a maior
populacao de porquinhos da india.

- Realizar analises dindmicas dos determinantes da resisténcia antimicrobiana dos
mais criticos sorovares de Salmonella procedentes de amostras de humanos, animais
domésticos, ¢ alimentos.

- Realizar testes de susceptibilidade de antimicrobianos ndo avaliados, mas que
foram detectados genotipicamente.

- Realizar andlises transcriptdmicas para a detec¢do dos mecanismos da resisténcia a
nitrofurantoina.

- Realizar uma anotagdo funcional e estruturagdo da sequéncia de plasmideos

resistentes isolados de humanos.
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10 ANEXO

INFORME TECNICO

A. Montagem de genoma

- As amostras estudadas nos capitulos I e II foram sequenciadas usando a tecnologia
[llumina HiSeq, com bibliotecas pareadas.

- A qualidade das sequéncias reads foram avaliadas por meio das ferramentas FastQC,
CheckM e sequence reads, valores PHRED inferiores a 20x foram removidas das amostras no
capitulo IIL.

- A montagem foi conduzida utilizando trés ferramentas/pipelines (Spades, Unicycler,
Newbler) e os resultados foram comparados utilizando o software Quast.

- Para a circularizacdo dos genomas, realizou-se o mapeamento das sequéncia reads nos
contigs, utilizando as ferramentas GapFiller e SPAdes. Seguidamente, o programa
Contiguator foi empregado juntamente com um genoma circular de referéncia para a geragao
de sequéncias de scaffolds contendo regides "N".

- Os espacos vazios nos scaffolds foram preenchidos utilizando outros resultados de
montagens, usando o GenomeFinisher.

- Os gaps remanescentes foram fechados manualmente, empregando a sequéncia
consenso gerada a partir do mapeamento contra uma ou mais cepas de referéncia. O
fechamento foi realizado de maneira manual, gap por gap, considerando, no minimo, uma

cobertura de 5 sequéncias no gap.

A.1. Avaliacao da qualidade de sequéncia reads (ferramentas e linhas de comando)

fastQC
$ fastqc *fastq

Trimomatric
$ java -jar trimmomatic-0.39.jar PE -threads 12 R1.fastq.gz R2.fastq.gz forward paired.fq.gz

forward unpaired.fq.gz reverse paired.fq.gz reverse unpaired.fq.gz ~
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ILLUMINACLIP:~/Trimmomatic-0.39/adapters/TruSeq3-PE.fa:2:30:10 LEADING:3
TRAILING:3 SLIDINGWINDOW:4:10 MINLEN:50

A.2. Comandos para geracao de contigs

Spades

$ ~/spades.py --illumina -o diretorio _de saida -sl forward paired.fq -s2 reverse paired.fq

Newbler
$ ~/runAssembly -rip -m -cpu 16 -scaffold -o diretério de saida forward paired.fq

reverse_paired.fq

Unicycler
$~/unicycler --spades path ~/spades.py --samtools path ~/samtools --pilon path
~/pilon-1.22 jar -1 reads_1.fastq.gz -2 reads_2.fastq.gz -o output dir --no_correct --threads 12

A.3. Fechamento do genoma circular:

Gapfiller
$ perl gapfiller -1 library-gapfiller.txt -s sspace/sspace.final.scaffolds.fasta -T 12 -b gapfiller

SSpace
$ perl sspace -1 library-sspace.txt -s gapfiller/gapfiller.gapfilled.final.fa -k 5 -a 0.7 -x 1 -m 30
-0 20 -T 12 -b sspace

Contiguator

$ ./CONTIGuatorF.py -r genome.fna -g genome.gbk -c scaffolds.fasta

Gfinisher (Interfaze grafica)
Quast

$ ./quast contigs genome.fasta -o path_folder -r genome_reference.fasta
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checkM
$./checkm2  predict --threads 30 --input <folder with bins> --output-directory

<output_folder>

A.4. Chamado de Variantes e Analise GWAS

- A predicao de variantes foi feita usando o pipeline Snippy.

- Inclui a ferramenta bwa mem para o mapeamento de sequéncias reads contra um
genoma referéncia.

- O samtools ¢ usado para filtrar reads de qualidade de mapeamento menor a 20.

- A ferramenta Freebayes faz o chamado de variantes considerando os seguintes
parametros: cobertura >5 reads, uma qualidade de mapeamento > 50, e um minimo de
mapeamento de qualidade >20 e exclusao de indels.

- O snippy conta com dois cddigos in-house para a filtragem de SNPs e para a anotagdo
de variantes: o qual identifica o tipo de variantes sindnima e ndo sinénima e se esta incluida
numa regido codificante, entre outras informagdes detalhadas no arquivo de saida tab.

- Finalmente com a ferramenta vcf-consensus gera uma sequéncia consenso de
variantes.

Snippy

$ snippy --cpus 6 --mincov 5 --outdir strainname --ref ref.gbk --R1 Rl.fastq.gz --R2
R2.fastq.gz

{$ bwa mem -v 2 -M -R @RG\ID:snps\tSM:snps -t 6 reference/ref.fa ~/R1.fastq.gz
~/R2.fastq.gz

$ ~/samtools index snps.bam

$ ~/samtools depth -aa -q 20 snps.bam | bgzip > snps.depth.gz

$ ~/tabix -s 1 -b 2 -e 2 snps.depth.gz

$ ~/fasta_generate regions.py reference/ref.fa.fai 202155 > reference/ref.txt

$ ~/freebayes-parallel reference/reftxt 6 -p 1 -q 20 -m 60 --min-coverage 5 -V -f
reference/ref.fa snps.bam > snps.raw.vct

$~/snpEff ann -no-downstream -no-upstream -no-intergenic -no-utr -c reference/snpeff.config

-dataDir . -noStats ref snps.filt.vef > snps.vcf
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$ ~/snippy/bin/snippy-vef filter --minqual 10 --mincov 5 --minfrac 0.9 snps.raw.vcf >
snps.filt.vef

$ ~/snippy/bin/snippy-vef to tab --gff reference/ref.gff --ref reference/ref.fa --vcf snps.vef >
snps.tab

$ vef-consensus snps.vcef.gz < reference/ref.fa > snps.consensus.fa}

A.5. Teste de Associaciao

- O primeiro passo foi remover SNPs que estejam presentes numa frequéncia alélica
menor de 0.05 nas amostras usando a ferramenta vcftools.

- Se realizou o teste de associagdo Chi-quadrado a um nivel de significancia de 0.05 e
os valores foram corrigidos para teste multiple, neste caso pelo numero de variantes avaliadas,
usando o método bonferroni, resultando en variantes associadas ao fenotipo com um nivel de
significAncia menor a p < 0.0000509.

- O teste de associacdo e o manhattan plot foi feito com o pacote em R qgman.

- Assim mesmo nos realizamos o testes qqplot para conhecer se nossas variantes
preditas sao dependentes de outras variaveis, para isto realizamos o teste de qqplot.
Conferindo que provavelmente estariam associadas ao grupo populacional.

- Realizamos a corregdo da estruturagdo populacional usando o teste de regressdo
logistica Firth, um modelo especifico para datasets pequenos.

- O fluxo consiste em converter o arquivo vcf a formato plink, e informar que se analiza
sequéncia haploide. Seguido realizamos as analises e selecionamos os primeiros seis
componentes principais, que seriam as co-variaveis continuas. Realizamos o teste de
regressao logistica linear e a correcdo de Bonferroni, para a selecdo das variantes associadas

aos fenotipos.
$ veftools --vef snps.vef --plink --maf 0.05 --out myplink
$ plink --file myplink --recodeA --out salmonella_snps

Detalhes: Teste de asociacao em R : https://github.com/raquelhurtado/Workflow-WGS-AMR/
Alteragao do teste de Regresao logistica em R

-https://github.com/vicbp1/Genetic-Arquitecture-of-Zika.
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REsuLTADOS AbIcionals 1 -CAPITULQ 1

Foi criado um guia com os comandos e codigos para os analises gendmicos ¢ de resisténcia
antimicrobiana para S. Typhimurium utilizados no Capitulo 1. O protocolo Workflow
WGS-AMR esta no arquivo README.md no GITHUB. Link:
https://github.com/raquelhurtado/Workflow-WGS-AMR/blob/main/README.md

RESULTADOS ADICIONAIS 2 -CAPITULO 1

Avaliamos a distribui¢do e tendéncia temporal da resisténcia antimicrobiana fenotipica e
genotipica. A tendéncia da resisténcia foi avaliada usando o teste de chi-quadrado usando o
pacote rstatix in R. Nos identificamos um aumento da resisténcia fenotipica para a
nitrofurantoina (p =0.0047) nos anos 2006-2007, e acido nalidixico (p= 3.79e-06), tetraciclina
(7.74e-06), e sulfatrimetropima (0.0126) apds o ano 2015 (Figure 1). Nos demonstramos
também genotipicamente resisténcia para o dcido nalidixico (p= 3.9e-09) e tetraciclina
(0.000048), concluindo que encontramos um aumento da resisténcia genotipica e fenotipica
para NA e TE nos ultimos anos. Por outro lado, encontramos uma redugdo da resisténcia
fenotipica a nitrofurantoina com o passar dos anos, sem correspondéncia genotipica, € isso
pode ser devido a proibicdo do uso da nitrofurantoina na criacdo de animais de produgao
(Quesada et al., 2016) e ao desconhecimento dos mecanismos de acdo do antibidtico na

bactéria.

Frequency

2010 2011 2012 2013 2015 2016 2017

Year Year

Figura 1. Frequéncia da resisténcia fenotipica (A) e genotipica (B) de 90 S. Typhimurium ao longo de 17 anos.
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REsuLTADOS AbIcioNals 3 -CAPITULO 1

Seguindo a avaliagao da qualidade do sequenciamento identificamos adequados valores de
completude e nivel de contaminacdo usando checkM. Acordo a classificagdao pelo Parks
(Parks et al., 2015), 83 genomas apresentam uma alta completude com valores no rango de
99.05% a 100% (média = 99.62), cinco genomas com uma média de 98.85% de completude e
dois genomas (FDO01852587, FD01851369) muestran valores de 96.21% e 95.00%. Os
resultados de baixa contamina¢do foram para a maioria <0.96% (média = 0.22%) e para o

genoma FD01852653 foi o maior valor, 1.36%.

B. As principais publicacgdes e atividades realizadas durante o periodo do doutorado

(2019-2023) estao listadas abaixo:
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RESUMEN

Escherichia coli esta asociada a diarreas que pueden producir la muerte en crias
de alpacas de temprana edad. Patotipos de . coli utilizan las fimbrias para adherirse al
hospedero en la primera etapa de la patogénesis. Por ello, el presente estudio tuvo
como objetivo desarrollar y producir una proteina recombinante de la adhesina fimbrial
F17 de E. coli y evaluar su inmunogenicidad en células mononucleares periféricas de
sangre (PBMC) de alpaca. Se utilizo a BL21 como vector de expresion, se purifico la
proteina recombinante mediante cromatografia de afinidad inmovilizada y se evalud la
nroduccion de citoaninas de PRMC a las 48 v 72 haras nosterior al desafio con F17. Los
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